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El trasplante de órganos sólidos es una terapia primaria en pacientes con 
enfermedades en etapa terminal. Aunque se ha conseguido una notable 
mejoría gracias a los protocolos inmunosupresores y se ha reducido la 
incidencia de rechazo agudo, todavía existe un alto porcentaje de 
receptores de trasplantes renales que padecen rechazo agudo dentro del 
primer año tras el trasplante. Además, los pacientes que previamente lo 
han sufrido, suelen mostrar una mayor incidencia de rechazo crónico y, 
como consecuencia, la supervivencia a largo plazo del aloinjerto no ha 
mejorado significativamente a lo largo de los años. Asimismo, aunque se 
ha mejorado la supervivencia a corto y medio plazo en trasplantados de 
pulmón, la supervivencia a los 5 años postrasplante está alrededor del 
50%. Por esta razón, los principales objetivos del trasplante son predecir el 
riesgo de desarrollar rechazo y encontrar enfoques alternativos 
relacionados con la tolerancia que permitan minimizar la 
inmunosupresión con el fin de disminuir los efectos adversos que tienen 
efectos deletéreos sobre la supervivencia del injerto a largo plazo.  
Entre los diferentes enfoques tolerogénicos, las células mieloides 
desempeñan un papel principal en el control de las respuestas 
inmunitarias: en determinadas circunstancias, contribuyen al proceso 
inflamatorio, ampliando la patología de la enfermedad. Sin embargo, las 
células mieloides con propiedades reguladoras pueden proteger al 
hospedador de una inflamación incontrolada. Estas células se conocen 
como células mieloides reguladoras (MRC) y se han descrito dentro de 
todos los principales linajes de células mieloides. Entre ellos, las células 
supresoras derivadas de mieloides (MDSCs) se consideran un grupo 





heterogéneo de células mieloides que se sabe que se acumulan en 
condiciones patológicas crónicas. 
Las primeras observaciones de células mieloides supresoras se 
describieron hace más de 20 años en pacientes con cáncer. Sin embargo, 
su importancia funcional solo se ha apreciado recientemente debido a 
estudios que informan sobre su contribución a la regulación de las 
respuestas inmunitarias en otros entornos clínicos, como el trasplante de 
órganos. En el trasplante, las MDSCs son capaces de suprimir las 
respuestas inmunitarias adaptativas e innatas y se han sugerido como 
posibles biomarcadores para la tolerancia al aloinjerto, ya que pueden 
desempeñar un papel principal en el equilibrio entre la aceptación y el 
rechazo del injerto.  
El efecto de diferentes fármacos inmunosupresores como terapia de 
mantenimiento, tiene un efecto diferencial sobre el sistema inmunológico. 
Basándonos en los resultados previos de nuestro grupo, que demuestran 
que los inhibidores de la calcineurina (CNI) fueron capaces de reducir las 
células T reguladoras (Treg) circulantes en los pacientes con trasplante 
renal, es probable que los fármacos inmunosupresores más utilizados 
estén afectando el fenotipo y la función de las MDSCs de distintas formas. 
Por esta razón, monitorizar cómo se regulan las MDSCs in vivo en 
receptores de órganos sólidos sería un enfoque adecuado para evaluar su 
papel en tolerancia. 
Además, estudiar el efecto de los distintos regimenes inmunosupresores 
sobre su función arrojaría luz sobre el terreno y podría ayudar en 
estrategias futuras para minimizar la inmunosupresión. Como la mayoría 





de los estudios publicados se realizaron en modelos animales, el efecto 
tolerogénico de MDSCs no está bien establecido en los pacientes y el 
seguimiento de estas poblaciones de células de forma prospectiva podría 
ayudar.  
Las MDSCs humanas se clasifican en tres subpoblaciones principales según 
sus marcadores fenotípicos, aunque estos marcadores no se expresan 
exclusivamente por MDSCs y estas poblaciones de células reguladoras se 
definen mejor por su capacidad para suprimir la proliferación de células T 
y expandir Tregs. Por un lado, los ensayos de función de MDSCs en 
humanos son difíciles de implementar debido a su complejidad técnica. 
Además, el fenotipado convencional de la subpoblación Mo-MDSCs en 
humanos se basa principalmente en la expresión de HLA-DR y no está 
claro hasta qué punto la expresión de HLA-DR está influenciada por la 
inmunosupresión estándar. Por lo tanto, también existe la necesidad de 
nuevos estudios con respecto al fenotipo de MDSCs y de marcadores 
sustitutos estables que permitan evaluar su función. 
Los objetivos del presente proyecto de tesis son 1) Analizar in vitro el 
fenotipo y la función supresora de MDSCs después de la activación 
policlonal; 2) Evaluar cómo las MDSCs inducen la diferenciación a células T 
efectoras o reguladoras; 3) Estudiar si existen diferentes efectos de CNI o 
imTOR sobre MDSCs obtenidas de pacientes trasplantados renales (PTR); 
4) Monitorizar el número y fenotipo de MDSCs de monocitos de sangre 
periférica después del trasplante renal y pulmonar y estudiar cualquier 
relación con los resultados del trasplante renal y pulmonar; 5) Buscar 
nuevos marcadores subrogados fenotípicos y funcionales de MDSCs. 





Evaluamos el fenotipo y la función de las diferentes subpoblaciones 
conocidas de MDSCs en 38 PTR y 82 pacientes trasplantados de pulmón 
(PTP) en diferentes momentos. Las MDSCS se cuantificaron mediante 
citometría de flujo siguiendo la estrategia propuesta por Bronte et al. para 
caracterizar subpoblaciones de MDSCs: Mo-MDSCs (CD33+ CD11b+ HLADR-
/low CD14+ CD15-), PMN-MDSC (CD33+ CD11b+  HLADR- CD15+ CD14-) y e-
MDSC (Lin- CD33+ CD11b+ HLADR- CD14- CD15-). Las MDSCs totales se 
definieron como células CD33+ CD11b+ HLADR-. Para aislar Mo-MDSCs, las 
células CD33+ se separaron primero mediante separación magnética y se 
realizó un aislamiento adicional de las células CD33+ HLA-DR- y CD33+ HLA-
DR- CD14+ en un separador celular FACS-ARIA II. Se aislaron células T CD4+ 
mediante separación magnética y se incubaron con succinimidil éster de 
carboxifuoresceína (CFSE). Las células T CD4+ marcadas con CFSE (5x105) 
se estimularon con Dynabeads Human T-activator CD3/CD28. Para 
determinar la función supresora de las subpoblaciones de MDSCs, se 
agregaron MDSCs totales o Mo-MDSCs autólogas al cultivo en una 
proporción de 1: 2 (Células T CD4+: MDSCs) y se determinó la proliferación 
a día 5 mediante citometría de flujo. Las condiciones experimentales se 
repitieron al menos cuatro veces en PTR y controles sanos y 2 veces en 
PTP. Una eficiencia> 98% se consideró aceptable para el estudio. Para 
buscar nuevos marcadores subrogados fenotípicos y funcionales, 
utilizamos una tinción estandarizable en sangre completa para detectar 
antígenos extra e intracelulares. 
Nuestros resultados in vitro muestran una reducción en la viabilidad 
celular que aumenta con el tiempo de cultivo en comparación con la 
viabilidad basal. También encontramos un predominio de Mo-MDSCs en el 





primer día de cultivo, una disminución en la proporción de células Mo-
MDSCs a partir del día 3 y la mayoría de las células se vuelven doble 
negativas con el tiempo de cultivo. Estos resultados sugieren que el 
fenotipo de las subpoblaciones de MDSCs se ve afectado con el tiempo de 
cultivo y un análisis fenotípico posterior al tercer día de cultivo podría 
estar sesgado. Cuando analizamos el efecto in vitro de los 
inmunosupresores sobre las MDSCs nuestros resultados mostraron que la 
administración in vitro de imTOR mantiene el total de MDSC y Mo-MDSC 
en cultivo, pero las dosis altas de tacrolimus afectan negativamente al 
número de MDSCs totales y Mo-MDSCs. 
Durante la monitorización de PTR, encontramos que los números 
absolutos de MDSCs totales circulantes aumentaron en PTR y en el corto 
plazo después del trasplante, mientras que disminuyeron a niveles basales 
un año después del trasplante. También observamos un aumento en las 
frecuencias de Mo-MDSCS a corto plazo después del trasplante y 1 año 
después del trasplante. Estos estudios observacionales sugieren que los 
números de MDSCs aumentan rápidamente después del trasplante y 
alcanzan un pico después de la terapia inmunosupresora. Aunque el 
fenotipo de las Mo-MDSCs parece estar influenciado por la 
inmunosupresión estándar, necesitamos más investigación para 
establecer si las MDSCs están reguladas de forma diferencial por las 
condiciones locales o los tratamientos inmunosupresores. 
En relación con otras subpoblaciones celulares con función supresora, 
observamos un aumento en la expansión de Treg  in vitro después del co-
cultivo con Mo-MDSCs. Sin embargo, no hubo una asociación lineal 





significativa entre los porcentajes de MDSCs y Tregs cuando examinamos 
la relación entre MDSCs y CD4+ CD25+ Foxp3+ Treg in vivo. 
Debido a la falta de marcadores fenotípicos únicos, se deben realizar 
estudios funcionales para identificar subpoblaciones de MDSCs. Nuestros 
resultados demuestran que las las Mo-MDSCs obtenidas de PTR tratados 
con tacrolimus exhiben una potente función supresora. Además, 
observamos que esta actividad supresora estaba aumentada en 
comparación con las Mo-MDSCs obtenidas de pacientes tratados con 
rapamicina y esta función inhibidora inmunitaria puede estar relacionada 
con la regulación positiva de IDO. 
Los mecanismos por los cuales las MDSCs median la generación de Treg no 
han sido bien establecidos. En algunos modelos animales portadores de 
tumores se ha demostrado que el microambiente modula de manera 
diferencial el desarrollo y la función de las células mieloides. Por lo tanto, 
una limitación importante en el estudio de MDSCs en PTR en este punto 
es que los ensayos in vitro realizados en sangre periférica pueden no estar 
replicando las características del entorno del injerto. Debido al número de 
pacientes incluidos en este proyecto y al seguimiento a corto plazo, 
tampoco hemos podido establecer el impacto de eventos clínicos como el 
rechazo en las MDSCs en nuestra cohorte de PTR. 
En este trabajo describimos por primera vez subpoblaciones circulantes de 
MDSCs de PTP en varios puntos de tiempo y evaluamos la relación de las 
MDSCs con los resultados del trasplante de pulmón a plazo. Encontramos 
que los porcentajes de MDSCs totales aumentaron en PTP 3 meses 
después del trasplante hasta un año. Cuando estudiamos el efecto del 





trasplante en las subpoblaciones de MDSCs en nuestra cohorte, los 
porcentajes de Mo-MDSCs aumentaron rápidamente después del 
trasplante y disminuyeron gradualmente durante el tiempo de 
seguimiento. Por el contrario, los porcentajes de PMN-MDSCs disminuyen 
a corto plazo tras el trasplante y aumentan durante el seguimiento 
aunque no se observaron cambios respecto a los niveles pretrasplante. En 
comparación con los niveles previos al trasplante, los porcentajes de e-
MDSCs aumentaron significativamente a los 7 días, 21 días y 360 días. 
Obtuvimos resultados similares cuando calculamos los números absolutos 
de MDSCs. 
En experimentos previos, observamos una reducción dosis dependiente 
en los niveles de expresión de HLA-DR en monocitos después de la 
exposición a dexametasona in vitro, los monocitos eran fenotípicamente 
indistinguibles de Mo-MDSCs; por tanto planteamos la hipótesis de que 
los corticosteroides están aumentando las poblaciones de Mo-MDSCs en 
sangre periférica inmediatamente después trasplante. Sin embargo, en 
nuestro estudio, las PMN-MDSCs y las e-MDSCs que aumentan 3 meses 
después del trasplante, no parecen verse afectadas por los 
corticosteroides y los aumentos sugieren que frecuencia MDSCs no se ve 
afectada negativamente por la terapia de mantenimiento basada en 
tacrolimus. 
La capacidad supresora de MDSCs obtenidas de PTP tratados con 
tacrolimus está aumentada en comparación con los resultados supresores 
cuando se obtuvieron células MDSCs de donantes sanos. Sin embargo, los 
porcentajes de MDSCs en nuestro estudio no se relacionaron con los 
niveles de inmunosupresores en sangre periférica. Como nuestra cohorte 





de PTP estaba bajo el mismo régimen inmunosupresor, no se pueden 
determinar las posibles diferencias entre los tratamientos, con respecto a 
su efecto sobre la frecuencia o función de MDSC, siendo una limitación del 
estudio.  
Aunque no se observó ninguna relación entre las MDSCs y los eventos 
clínicos a corto plazo, nuestros resultados determinan que las frecuencias 
de Mo-MDSCs aumentan después del rechazo celular agudo (ACR), lo que 
sugiere un posible papel de Mo-MDSCs en el desarrollo de la disfunción 
crónica del aloinjerto pulmonar (CLAD). Con estos resultados, en este 
momento, se desconoce si las MDSCs desempeñan un papel como 
biomarcadores de rechazo crónico o no, y se requieren más 
investigaciones. 
Como se mencionó anteriormente, los marcadores de MDSCs no son 
expresados exclusivamente por ellos; los ensayos para evaluar función de 
MDSCs son difíciles de implementar y no está claro hasta qué punto la 
expresión de HLA-DR está influenciada por la inmunosupresión estándar. 
Por este motivo, durante mi estancia en el laboratorio de 
inmunomonitorización (Hospital Klinikum, Regensburg, Alemania) 
implementamos nuevos paneles de citometría de flujo que permiten 
comprobar una amplia gama de marcadores funcionales y fenotípicos de 
sangre periférica. Primero diseñamos un ensayo de citometría de flujo 
para la detección rápida y reproducible de subpoblaciones de MDSCs en 
pequeños volúmenes de sangre periférica humana. Este ensayo se basa en 
la definición fenotípica convencional de Mo-MDSCs en humanos.  
Las MDSCs humanas ejercen sus acciones supresoras de células T a través 
de una amplia variedad de mecanismos, incluida la producción de 





citocinas antiinflamatorias y la regulación positiva de moléculas 
inmunoreguladoras, incluida la arginasa 1 (Arg1) y la indolamina 2,3-
dioxigenasa (IDO). Como se demostró anteriormente en este proyecto, la 
rapamicina bloquea parcialmente el potencial supresor de Mo-MDSCs in 
vitro al prevenir la inducción de IDO. A continuación desarrollamos un 
ensayo estandarizado para controlar la expresión de fosfo-mTOR, fosfo-
S6, IRF1 e IDO por Mo-MDSCs en muestras de sangre periférica. Las Mo-
MDSCs circulantes generalmente no expresan niveles detectables de IDO, 
pero su expresión es fácilmente inducida por factores proinflamatorios, 
incluido IFN-γ. La capacidad de Mo-MDSCs para expresar de forma 
inducible IDO es un marcador sustituto útil de su función supresora. Por lo 
tanto, desarrollamos un ensayo para la expresión de IDO inducible en Mo-
MDSC mediante citometría de flujo. 
El fenotipado convencional de Mo-MDSCs se basa principalmente en la 
expresión de HLA-DR y como hemos mencionado anteriormente, no está 
claro hasta qué punto la expresión de HLA-DR está influenciada por la 
inmunosupresión estándar, especialmente los glucocorticoides. En cultivo, 
observamos una rápida reducción dosis dependiente en los niveles de 
expresión de HLA-DR en monocitos tras la exposición a dexametasona; los 
monocitos eran fenotípicamente indistinguibles de Mo-MDSCs. Para 
identificar los marcadores de Mo-MDSCs no afectados por la exposición a 
glucocorticoides, analizamos la expresión diferencial en los monocitos y 
Mo-MDSCs de varios marcadores y observamos que CD35 (CR1) y CD326 
(Ep-CAM) se expresaban más en Mo-MDSCs que en los monocitos. 
Además la expresión de CD35 no se vio afectada por la dexametasona. 
CD35 es un receptor para los componentes del complemento C3b y C4b. 





Anteriormente se identificó el Receptor 1 del Complemento 5a (C5aR1; 
CD88) como un marcador de la subpoblación de monocitos humanos no 
clásicos que es un probable precursor de los macrófagos reguladores que 
se infiltran en los aloinjertos. La expresión de C5aR1 y CCR2 (CD192) 
parece estar contrarregulada en monocitos humanos, lo que es 
consistente con experimentos de trasplante en ratones que muestran 
C5aR1 en lugar de CCR2 controla la migración de precursores de Mreg en 
aloinjertos. Por lo tanto, diseñamos un nuevo panel de citometría de flujo 
de 10 colores que incorpora CD35, CD88, CD192 y CD326. 
Para comprobar nuestra nueva definición de Mo-MDSCs basada en la 
expresión de CD35, realizamos ensayos de supresión y observamos que las 
células Mo-MDSCs con alta expresión de CD35 eran más supresoras en 
comparación con los monocitos CD35low. A pesar de esto, estos ensayos de 
aislamiento se siguieron basando en el marcador HLA-DR para aislar Mo-
MDSCs. Los nuevos 4 paneles propuestos tomados en conjunto podrían 
ayudar a identificar subpoblaciones de MDSCs, fenotípicamente y 
funcionalmente, pero CD35 por sí solo no es lo suficientemente específico 
para identificar Mo-MDSCs. 
Las conclusiones obtenidas de este trabajo fueron las siguientes:  
1. Hay un incremento en la frecuencia de Mo-MDSCs 6 meses y un año post-
trasplante renal.   
2. Las células Tregs se expanden in vitro tras co-cultivo con Mo-MDSCs 
obtenidas de PTR.  
3. Mo-MDSCs obtenidas de PTR tratados con tacrolimus a largo plazo tienen 
mayor actividad supresora in vitro comparados con pacientes tratados 
con rapamicina.  





4. La pérdida de función supresora en Mo-MDSCs expuestas a rapamicina 
está relacionada con una expresión de IDO disminuida. 
5. Los porcentajes de MDSCs totales aumentan en PTP 3 meses después del 
trasplante hasta un año. 
6. Los porcentajes de Mo-MDSCs aumentaron inmediatamente después del 
trasplante y disminuyeron gradualmente durante el tiempo de 
seguimiento. 
7. Las poblaciones de Mo-MDSCs obtenidas de PTP tratados con tacrolimus 
pueden suprimir eficazmente la proliferación de células T in vitro. 
 
8. Las frecuencias de Mo-MDSCs en PTP aumentan después del rechazo 
celular agudo (ACR). 
 
9. La expresión de HLA-DR en monocitos muestra una reducción 
dependiente de la dosis después de la exposición a dexametasona, por 
tanto los monocitos son fenotípicamente indistinguibles de Mo-MDSCs. 
 
10. CD35 (CR1) y CD326 (Ep-CAM) se expresaron más en Mo-MDSCs HLA-DR- 
/ low que en monocitos HLA-DR+. 
 
11. En cultivos in vitro, la expresión de CD35 no se vio afectada por la 
dexametasona. 
 
12. Las células Mo-MDSCs CD35high fueron más supresoras en comparación 




















































Solid organ transplantation is a primary therapy in patients with end-stage 
diseases. Although remarkable improvement has been achieved due to 
the immunosuppressive protocols and the reduction in the incidence of 
acute rejection (AR) has been reduced, there is still a high percentage of 
transplant recipients that suffer from AR within the first year after 
transplantation. Moreover patients that have previously suffered an AR in 
kidney transplantation, usually show a higher incidence of chronic 
rejection and as a consequence long-term allograft survival has not 
improved significantly throughtout the years. Likewise, despite the 
improvement in the management of lung transplant recipients (LTR), 5-
year survival for LTR remains low. An increasing field of research is 
focused on the study of dysregulation of immune mechanisms underlying 
allograft failure. In this regard, myeloid-derived suppressor cells (MDSCs) 
represent a heterogeneous group of myeloid regulatory cells that were 
originally described in cancer. Several studies in animal models point to 
them as important players in the induction of allograft tolerance, due to 
their immune modulatory function, but there is a lack of studies regarding 
their role in human transplantation. 
To monitor the number and phenotype of MDSCs and to perform in vitro 
studies we collected blood from 38 kidney transplant recipients (KTR) and 
82 LTR at different time points. We observed an increase in Mo-MDSCs 
frequencies in the short term after transplantation and 1 year after 
transplantation in KTR. We report an increase in Treg expansion after Mo-
MDSCs co-culture. Furthermore, we observed that Mo-MDSCs from KTR 
receiving tacrolimus had a higher suppressive activity compared to those 
receiving rapamycin and we attributed the loss of suppressive function to 





the decreased expression of IDO in Mo-MDSCs exposed to rapamycin. We 
describe for the first time circulating subsets MDSCs from LTR at several 
time points and we evaluated the relationship of MDSCs with sort-term 
lung transplant outcomes. Although no effect of MDSCs subsets on short-
term clinical events was observed, our results determine Mo-MDSCs 
frequencies are increased after acute cellular rejection (ACR), suggesting a 
possible role for Mo-MDSC in the development of chronic lung allograft 
dysfunction (CLAD). Therefore, whether MDSCs subsets play a role as 
biomarkers of chronic rejection or not, remains unknown and requires 
further investigations. Finally, the effects of different immunosuppressive 
drugs on the development and function of MDSCs need to be better 
characterized and further prospective studies are required to establish 
whether long-term tolerance to immune modulation transplantation is 
dependent on MDSCs. In collaboration with the immunomonitoring lab 
from the group of Experimental Surgery in the Hospital Klinikum of 
Regensburg (Germany) we set up 4 new cytometry panels. This new 
strategy for identifying MDSCs in human peripheral blood combines 




















                                                                         1 Introduction 
 





1.1- Kidney Transplantation  
1.1.1- Background 
Kidney transplantation (KT) is a primary therapy in patients with end-stage 
renal diseases (ESRD). In the last 10 years the total number of kidney 
transplants has increased worldwide (Figure 1). In 2019 in America a 
number of 39515 kidney transplants were performed, followed by 28053 
in Europe, 15601 in Western Pacific, 10403 in South East Asia, 2086 in 
Eastern Mediterranean and 470 in Africa. In spite of the pandemic, the 
data colected from Gobal data Base in donation and transplantation 
registred a number of 25582 kidney transplants performed in America and 
17366 in Europe in 2020. 
 
 
Figure 1| Number of kidney transplants performed each year in the world by region, 
from 2010 to 2019. 
 
During the last few years the number of interventions in Spain has 
progressively increased achieving all-time highs in 2019 (3423 number of 
kidney transplants). In 2019, Spain performed the 3-4% of kidney 
transplants worldwide and reached the top rate of kidney  





transplant patients per million population (pmp) (Figure 2) (1). In 2020, 
Spain resists impact of Covid-19 and performs a number of 2700 kidney 
transplants (Figure 3). 
The number of kidney transplants performed in the different regions of 
Spain has been collected in Table 1 (2). In 2019, Cantabria led the 
transplantation (Tx) ranking in Spain, with a rate of 89.7 donors pmp. In 
2020, the rate was 65.5 donors pmp. Thanks to the increase in the 
performance of kidney transplants, the waiting lists of patients with 














Figure 3| Number of KT pmp performed in 2020 in each country.  
 
 
Table 1| Number of KT performed in Spain from 2016 to 2020 subdivided by regions. 
Data colected from Spanish Ministry of Health, Consumer Affairs and Social Wellfare 
(2).  
 
2016 2017 2018 2019 2020 
CC.AA 
     Andalucía 531 603 609 575 417 
Aragón 104 85 77 88 55 
Asturias 57 72 77 84 82 
Baleares 54 70 80 83 72 
Canarias 142 123 156 152 148 
Cantabria 39 44 45 48 63 
Castilla La Mancha 95 97 82 120 45 
Castilla y León 109 106 148 147 99 
Cataluña 708 780 773 882 676 
C. Valenciana 267 335 323 299 235 
Extremadura 51 54 69 39 43 
Galicia 135 160 170 176 141 
La Rioja 12 20 21 16 11 
Madrid 399 404 420 426 359 
Murcia 70 93 82 86 69 
Navarra 56 45 38 33 33 
País Vasco 168 178 143 169 152 
 





The incorporation of complement-dependent cytotoxicity tests (CDC) for 
the screening of transplant candidates, has been useful to avoid 
hyperacute rejection (3). Despite this, acute rejection (AR) used to be one 
of the main problems until recently (4).  
In the 1980s, up to 60% of patients suffered an episode of AR (5). In the 
1990s, the use of new immunosuppressive treatments reduced the 
number of transplant patients who presented an episode of AR (6).  
1.1.2- Acute rejection of the graft 
AR can be defined as an acute impairment in graft function associated 
with specific pathological changes in the graft. Although biopsies are 
considered “the imperfect Gold Standard” by some experts, the biopsy of 
the transplanted organ is the gold standard for the diagnosis of AR (7). In 
the Kidney Week (Washington 2019) it was proposed that not only 
biopsies but emerging biomarkers may help with management of kidney 
disease in several circumstances.  
AR usually occurs within days to weeks after transplantation and it can be 
classified into antibody-mediated rejection (AMR) and acute celular 
rejection (ACR). 
In kidney transplantation, AR consists in a mononuclear cell infiltrate that 
affects to the tubules (tubulitis) or the endothelium ( endothelitis) of the 
graft (8). Based on this, in the past, it was infered that the AR of the 
allograft was caused only by cells and that the humoral response was 
responsible for hyperacute rejection. In the 90s Feucht demonstrated C4d 
deposits in the peritubular capillaries as a trace of the activation of the 
complement by anti-HLA antibodies (9). After that, Terasaki and other´s 





works shed light in the diagnosis of humoral AR and current knowledge 
confirms the secretion of de novo donor specific antibodies (DSA) in AMR 
(10). 
1.1.2.1- Acute celular rejection  
On the other hand, in the ACR there is usually evidence of a lymphocytic 
infiltration of the tubules, interstitium (acute tubule-interstitial rejection) 
(Figure 4) and sometimes the arterial intima (acute vascular rejection) 
(Figure 5). 
Graft dysfunction can lead to graft failure and lost. When biopsies are 
performed during the first year after Tx, it was observed that the most 
frequent diagnosis is celular or borderline rejection. However, in biopsies  
performed after the first year post Tx, AMR is the main cause of graft 
failure after KT (11). The study by Sellarés et al., demonstrates that most 
episodes of graft failure show features of AMR in biopsies.  
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Figure 4| (a) Normal tubules (periodic acid Schiff, PAS). Note that there are no 
lymphocytes in normal tubules. (b) Acute cellular rejection with tubulitis (mononuclear 
cell infiltration). Mononuclear cells (CD8+ T lymphocytes) migrate from peritubular 
capillaries attracted by chemokines (PAS). Obtained from Online course in Organ 
Transplantation (2019), Spanish Society of Transplantation (12).  
 
Figure 5| (a) Regular artery lined with endothelial cells (PAS). (b) Acute vascular celular 
rejection. Mononuclear cell infiltration under the vascular endothelium–endothelitis- 
(hematoxylin and eosin, H&E). (c) Multiple subendothelial mononuclear cells 
(lymphocytes) (Masson's trichrome) (12). 
1.1.2.2- Antibody-mediated rejection  
In AMR there is evidence of circulating DSA and immunological evidence 
of injuries to the kidney due to the binding of DSAs to human leukocyte 
antigens (HLA) expressed in the membrane of endothelial cells in the graft. 
This process activates complement and generates C3a and C5a which are 
opsonins that attract inflammatory cells to the peritubilar capillaries 
(capillaritis) and glomerular (glomerulonephritis) capillaries. Furthermore, 
inflammatory cells will be further activated by the binding of C3a and C5a 
to their receptors. On the other hand, IgG antibodies attached to the 
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endothelium molecules bind to Fc receptors expressed on inflammatory 
cells and cause cellular lysis, a process known as antibody-dependent 
cellular cytotoxicity (ADCC), causing kidney allograft vasculophaty (8) 
(Figure 6).  
Although remarkable improvement has been achieved due to the 
treatment of AR , 10% of the kidney transplant recipients still develop AR 
within the first year (13). 
For this reason, a number of research groups have been interested in 
searching for biomarkers of AR. The development of new technologies, 
which quantify proteins, mRNA and metabolites in cell extracts or fluids 
has opened up new windows of opportunities in the non-invasive 
diagnosis of AR (13). 
Moreover, it has been demonstrated (14) in patients who have previously 
suffered an AR, that they present a higher incidence of chronic rejection 
(CR) and long-term allograft survival has not improved significantly 
throughout the years (15). 






Figure 6| Acute humoral rejection. (A) Capillaritis. Polymorphonuclear leukocytes 
present in peritubular capillaries (H&E). (B) Glomerulitis. Inflammatory macrophages in 
glomerular capillaries can be observed (PAS). Images obtained from M. González 
Molina et al., 2016 (8). 
1.1.3- Chronic rejection of the graft 
Chronic tubulo-interstitial rejection is characterized by progressive 
deterioration of renal function, arterial hypertension, proteinuria, and 
edema in more advanced situations. Histologically, it is characterized by 
interstitial fibrosis, tubular atrophy and infiltration of lymphocytes and 
plasma cells that is accompanied by glomerular sclerosis of variable 
severity and double contour and lamination of the peritubular capillaries 
(Figure 7 and 8). These changes are responsible for the impairment in the 
kidney function as well (16).  





The processes that trigger the chronic rejection of KT involve both 
humoral and cell-mediated immunity. There are other factors that 
predispose to long-term graft rejection including HLA-mismatching, 
previous episodes of AR, differences in donor-recipient age, and smoking 
(16).  
Unfortunately, there is little knowledge regarding the improvement of 
long-term survival in renal transplants and the searching of different drug 
targets can improve survival of both graft and patient. 
 
Figure 7| Interstitial fibrosis, tubular atrophy, and glomerular sclerosis in chronic 
rejection (Masson's trichrome) (12). 






Figure 8| Active chronic rejection. In addition to the fibrosis of the vascular wall, an 
intimal and interstitial infiltration of mononuclear cells is observed (H&E). Taken from 
Online course in Organ Transplantation, Spanish Society of Transplantation (12). 
1.2- Lung Transplantation  
1.2.1- Background 
Lung transplantation (LT) is a treatment option that provides quantity and 
quality of life in patients with end stage lung diseases. The first lung 
transplant was reported by Hardy and Webb in 1963, followed by others, 
with short survival only except for one case that lived for 10 months. In 
the 1980s, the prevention of rejection improved dramatically with the 
incorporation of immunosuppressive drugs such as cyclosporine and the 
improvement in surgical techniques (17). 
After 50 years and more than 40,000 procedures worldwide, lung 
transplantation is now a consolidated therapeutic option. In the last 10 





years the number of LT has increased worldwide (Figure 9). In 2019 in 
America 3369 lung transplants were performed, followed by 2327 in 
Europe, 791 in Western Pacific, 114 in South East Asia, 42 in Eastern 
Mediterranean and 0 in Africa (1). In spite of the pandemic, the data 
colected from Gobal data Base in donation and transplantation registred a 
number of 2629 lung transplants performed in America and 1799 in 
Europe in 2020. 
During the last few years the number of interventions in Spain has 
progressively increased achieving its maximal rate all-time highs in 2019 
(419 lung transplants). In 2019 Spain performed the 6-7% of lung 
transplants worldwide and reached the third top position in the annual 
rate of number of lung transplant patients pmp (Figure 10) (1,18). In 2020, 
Spain resists impact of Covid-19 and performs a number of 336 lung 
transplants (Figure 11). The number of lung transplants performed in the 
different comunities of Spain has been collected in Table 2 (2).  
 
Figure 9| Number of lung transplants performed each year in the world by region, 
from 2010 to 2019. 
 





Figure 10| Number of lung transplants pmp performed in 2019 in each country.  
 
 
Figure 11| Number of lung transplants pmp performed in 2020 in each country.  
 






Table 2| Number of lung transpants performed in Spain from 2016 to 2020 by region. 
Data colected from Spanish Ministry of Health, Consumer Affairs and Social Wellfare 
(2). 
In spite of the progression in the management of lung transplant 
recipients (LTR), 5-year survival remains low (19). Survival is limited by 
post transplant development of bronchiolitis obliterans syndrome (BOS) 
which is the main cause of chronic allograft failure (20,21). As a 
consequence, one of the most importants aims in LT is to predict the risk 
of developing chronic allograft failure. On the other hand, dysregulation of 
immune mechanisms underlying chronic allograft failure has not been well 
defined and the use of prognostic biomarkers is necessary to achieve this 
objective.  
Post-transplant management requires a high load of immunosuppression 
to avoid acute and chronic lung rejection without causing an increase in 
 
 
2016 2017 2018 2019 2020 
CC.AA Hospital 
     Andalucía H. Reina Sofía 33 43 41 48 49 
 
 
(11) (20) (18) (15) (25) 
Cantabria H. Marqués 
Valdecilla 39 43 45 40 41 
    (24) (29) (32) (32) (41) 
Cataluña H. Vall d´Hebron 73 89 104 120 72 
 
 
(52) (66) (78) (105) (67) 
C. 
Valenciana H. La Fe 49 65 55 74 50 
 
 
(38) (44) (41) (65) (49) 
Galicia C.H. Univ. A Coruña 39 48 33 41 53 
 
 
(14) (20) (14) (16) (19) 
Madrid H. Puerta del Hierro 43 34 48 54 34 
 
 
(37) (31) (42) (51) (32) 












 H.Doce de Octubre 30 41 42 42 36 
 
 
(21) (33) (37) (36) (25) 
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respiratory infections. The achievement of an adequate balance between 
immunosuppression and infection is the most difficult equilibrium in lung 
transplantation. In fact, the most frequent causes of post-transplant 
mortality are rejection and infections (22). 
A fundamental issue is the low number of grafts, since only 9% of 
multiorgan donations have an optimal lung to be implanted. On the other 
hand, both lung donors and recipients are becoming older as the life 
expectancy of the population increases. It is necessary to increase the 
number of donors and for this reason the criteria allowing older patients 
or the use of suboptimal donors are being implemented in donation 
programs (23,24). 
In fact, one of the biggest problems that transplant units have to deal with 
is the death of patients that are included in the waiting list, due to the low 
number of donors (25). For that reason, a precise selection of candidates 
according to the regulations of the International Heart and LungTransplant 
Society (ISHLT) must be accomplished (26). 
The use of the lung allocation score (LAS) helped to identify those 
receptors that can achieve the maximum profit from a lung, depending on 
the severity of the disease and their general state. Regulations in Spain 
were also published in order to establish criteria indication for the 
receptors (27). Survival after Lung transplantation in our country is similar 
to the ISHLT registry (28).  
Although the survival rate has been improved in short and medium-term, 
the survival rate at 5 years post-transplantation is around 50%, in part due 





to the persistence of obliterating bronchiolitis, which is the expression of 
CR. 
A high mortality in the first months is conditioned mainly due to 
respiratory infections. In Spain, diffuse interstitial pulmonary disease 
(DIPD) is the main cause of transplantation, followed by chronic 
obstructive pulmonar disease (COPD). The results of lung transplantation 
may be optimized by choosing the appropriate recipient, the right time 
and the proper care before and after transplantation. The unsolved issues 
in LT are low number of available organs and the prevention of AR and CR 
and infection (29). 
1.2.2- Acute Rejection of the graft  
AR is an important issue in LT. The registry of the ISHLT reports 28% of 
lung transplant recipients experience at least one episode of treated AR  
within the first year following transplantation (30). 
1.2.2.1- Acute Humoral rejection  
The first description of AMR in lung transplantation was based on 
hiperacute rejection. However due to the incorporation of new test in HLA 
screening, the indicende of hiperacute rejection has disminished. AMR, is 
associated with: DSA, evidence of complement deposition on 
transbronchial biopsies (TBBx), histologic tissue injury and clinical signs of 
lung dysfunction (31,32). The diagnosis of AMR in LT is challenging since 
there are no generally accepted diagnosis criteria.  
Although evidence of C4d deposits by immunohistochemistry (Figure 12), 
is generally pathognomonic for AMR in heart and renal transplantation, 





lung transplant C4d staining is rarely seen on routine TBBx; C4d 
immunostaining can be seen with infection and primary graft dysfunction 
(PGD), both processes can also activate the complement cascade (33).  
 
Figure 12| Acute humoral rejection. (A) Transbronchial biopsy at high-power 
magnification showing no cellular rejection (hematoxylin– eosin stain). (B) C4d staining 
showing diffuse, strong, linear staining of the interstitial alveolar capillaries. (C) 
Persistent C4d staining 6 weeks after study (B). (D) Absence of C4d staining 3 months 
after study in (B) (34). 
1.2.2.2- Acute cellular rejection  
Acute cellular rejection is characterized by a lymphocytic perivascular 
infiltrate (Figure 13), which is quantified according to its intensity and 
perivascular extension, airway inflammation, obliterative bronchiolitis, 
chronic vascular involvement-accelerated vascular sclerosis of the graft. 





The immune response in ACR is driven by T cell priming due to the 
recognition of alloantigens (35).  
ACR is an important risk factor in the development of BOS. The degree of 
ACR, specially the pathologic evidence of lymphocytic bronchiolitis is 
associated with the risk of BOS (36).  
 
Figure 13| Acute cellular rejection.This transbronchial lung biopsy shows a case of 
mild ACR. A mononuclear cell infiltrate that expands the vascular adventitia is easily 
visible. (H&E staining) (37). 
1.2.3- Chronic rejection   
Long term survival has improved but remains limited by chronic lung 
allograft dysfunction (CLAD) with the persistence of bronchiolitis 
obliterans syndrome (BOS) as the main cause of late mortality. Although 
BOS was considered the main manifestation of chronic rejection for many 
years, recently another phenotype of CLAD, known as restrictive allograft 





syndrome (RAS) or restrictive CLAD (rCLAD) has been described. BOS can 
be defined as an obstruction of airflow and it is measured as a reduction in 
forced expiratory volume in 1 second (FEV1) compared to the mean of the 
two best postoperative values in the absence of AR, infection or 
mechanical obstruction caused by dehiscence of the bronchial 
anastomosis without any other identifiable cause (38,39). The biopsy is 
characterized by lymphocytic inflammation in the submucosa of 
respiratory bronchioles leading to late proliferation of dense fibromyxoid 
granulation tissue (Figure 14)(40). 
On the other hand RAS/rCLAD patients show a restrictive pulmonary 
function, persistent pleuro-parenchymal infiltrates on computed 
tomography (CT) and pleuroparenchymal fibro-elastosis on biopsies. 
Importantly, the patients with RAS/rCLAD have a severely limited survival 
post diagnosis of 6–18 months compared to 3–5 years after BOS diagnosis 
(41). 
About 50% of lung recipients will experience BOS within 5 years following 
transplant, with a median survival after diagnosis between 3 and 5 years 
(38). Some of the mechanisms suggested to play a role in the 
development of BOS are damage due to PGD, infection, airway ischemia 
and gastroesophageal reflux (42). 
Other studies have demonstrated cytomegalovirus (43), bacterial airway 
colonization (44), pseudomonas aeruginosa colonization, (45), fungal 
pneumonia and aspergillus colonization as important risk factors for the 
development of BOS (46).  






Figure 14| Chronic rejection. Lung biopsy showing bronchiolitis obliterans in the 
setting of chronic lung transplant rejection (H&E staining) (40). 
Besides the most commonly known BOS phenotype, the rCLAD seems to 
be gaining great interest in the last few years. Some authors have used a 
10% decrease in total lung capacity to diagnose patients suffering from a 
restrictive pulmonary function defect, while others have used a forced 
vital capacity decrease higher than 20%. There has also being described a 
combination of total lung capacity and forced vital capacity. However, at 
the moment, diagnostics of rCLAD remains troublesome. On biopsies 
pathological pleuroparenchyma fibro-elastosis is the most common 
histological pattern of rCLAD but nowadays diagnostic guidelines for 
rCLAD are still lacking (41). 
The identification of humoral markers, of both innate and specific 
immunity would be very useful in the clinical context of transplantation. 





1.3- Immunosuppressive treatment in transplantation 
The management of immunosuppression in transplant patients is a 
complex practice in which there are many factors that influence the 
selection of a therapy, such as age, race, HLA mismatches, DSA antibodies, 
prevous transplants and pregnancies.  
In KT the refinement in the use of immunosuppression combinations of 
these immunotherapies has improved rejection rates (10-15%) and graft 
survival (95%) in the first year post transplantation (47). The most widely 
used strategy in kidney transplantation is the combination of antibodies 
against T.-cell antigens: thymoglobulin or basiliximab as induction therapy 
in combination with low doses of conventional immunosuppressive agents 
(corticosteroids, tacrolimus and mycoplenolate) as maintenance therapy 
(48,49). 
Immunosuppressive treatment is based on the combination of different 
drugs whose suppressive activity comes from different mechanisms of 
action, (50) giving rise to protocols grouped into thee categories: 
induction, which is used pre transplant or within the first days post-
transplant, maintenance, and treatment of rejection (51). 
 In transplantation, dendritic cells from the donor and receptor move to 
the secondary lymphoid organs where they present the alloantigens to 
naïve and central memory T cells. Naïve T cells are efficiently triggered by 
dendritic cells but memory cells can be activated by other cell types, such 
as graft endothelium. The recognition of the alloantigen by T cells 
generates “signal 1” transduced through the CD3 molecule. The “Signal 2” 
is based on the recognition of coestimulatory molecules on dendritic cells 





(CD80 and CD86) and T cells (CD28). Signals 1 and 2 activate transduction 
pathways that boost the expression of many new molecules, such as 
interleukin-2, CD154, and CD25. Interleukin-2 (IL-2) and other cytokines 
(e.g., interleukin-15) activate the “target of rapamycin” pathway to 
provide “signal 3,” the trigger for cell proliferation. Proliferation and 
differentiation lead to a large number of effector T cells. When B cells are 
activated by the antigen engaging their antigen receptors and by 
interleukins such as IL-3, IL-4, IL-5 and interferon gamma (IFN-γ) they 
transforme into plasma cells that produce alloantibodies against donor 
antigens (50). The immunosuppressive therapy is mainly based on the 
combination of drugs that block the activation of CD4+ T lymphocytes. 
According to their mechanism of action, these drugs are classified as: a) 
antilymphocyte antibodies (polyclonal or monoclonal) anticalcineurinic b) 
antimetabolites c) mTOR inhibitors d) and e) steroids (52). 
1.3.1- Induction therapy  
Induction therapy is indicated in those patients with a higher 
immunological risk such as sensitized patients. Induction treatments 
against T lymphocytes are administered pre-transplant or within the first 
days after transplantion; they can be administered in combination with 
other drugs used as maintenance treatment, such as corticosteroids at 
higher doses that are gradually reduced. There are polyclonal antibodies 
such as thymoglobulin, which are anti-human thymocyte antibodies from 
rabbit and anti-CD25 monoclonal antibodies including basiliximab or 
daclizumab, which are mouse antibodies that bind to the α component of 
the IL-2 receptor. Alentuzumab is an anti-CD52 antibody that causes the 
lysis of T lymphocytes, B lymphocytes, monocytes and macrophages. Due 





to the nephrotoxic potential of calcineurin inhibitors (CNI) strategies have 
been sought to delay the onset of CNI without increasing the risk of acute 
rejection. 
Despite the scarce evidence in the latest international registry (2) it was 
found that approximately 50% of lung transplant recipients receive 
induction therapy (most of them treated with anti-CD25, 10% treated with 
polyclonal antibodies and 8% were receiving anti-CD52) with statistically 
significant improvement in relation to those who do not receive induction 
(51). 
Although it has been reported the negative impact of basiliximab (53) and 
the preservation of regulatory T cells (Treg) by thymoglobulin,the effect of 
induction therapy (54) on myeloid immunoregulatoy cells remains under 
study.  
1.3.2- Maintenance immunosuppressive therapy 
Maintenance therapy is a chronic treatment that is adjusted according to 
the patient's evolution and is less aggressive than induction therapy. 
Calcineurin inhibitors, such as tacrolimus and cyclosporine, or mTOR 
(mammalian Target of Rapamycin) inhibitors, such as sirolimus and 
everolimus, and antiproliferatives, such as mycophenolate mofetil and 
azathioprine, combined or not with corticosteroids, are regularly used (55) 
based on the association of calcineurin inhibitors with inhibitors of 
lymphocyte proliferation and glucocorticoids. For certain patients, they 
can also be combined with rituximab.  
 





1.3.2.1- Calcineurin Inhibitors  
Cylosporin A and tacrolimus enter the cell and bind to immunophilin in the 
cytoplasm. The CNIs immunophilin complex binds to and inhibits 
calcineurin. Calcineurin is a phosphatase that desphosphorylates multiple 
molecules, including nuclear factor NT (NFAT). Dephosphorylated NFAT 
translocates to the nucleus and binds to DNA regions that are promoters 
for cytokine synthesis in the T lymphocyte, such as IL-2. The inhibition of 
calcineurin by CNIs causes the inhibition of IL-2 synthesis, preventing the 
activation, proliferation, expansion, differentiation and the expression of 
pro-inflammatory molecules of the T cell. Nephrotoxicity is one of the 
main adverse effects. Neurological symptoms may appear. CNIs decrease 
insulin secretion, which can cause hepatotoxicity (more frequent with 
cyclosporine) and gastrointestinal effects. Although they are not 
mutagenic by themselves, there have been described cases of tumors 
(56,57) particularly lymphomas and lymphoproliferative disorders, as well 
as and increased risk of developing infections. 
1.3.2.2- mTOR inhibitors  
ImTOR are macrolides with immunosuppressive and antiproliferative 
activity whose mechanism of action is based on the blockade of the 
mammalian target of rapamycin (mTOR). 
In regular conditions, IL-2 or cell growth factor receptors start the 
phosphatidyl-inositol-3-kinase (PI3K) cascade that leads to the activation 
of Akt or protein kinase B, which directly activates mTOR. Once activated, 
mTOR regulates proteins involved in mRNA translation, promoting the 
protein synthesis necessary for cell proliferation. The blockade of mTOR 





inhibits the kinase p70 S6 and blocks all these translation processes, 
preventing cells from progressing from G1 to S phase. As a consequence it 
inhibits the cell cycle of T, B cells and hematopoietic cells in the G1 phase 
intracellular signal that regulates cell growth and division (58). In B 
lymphocytes they inhibit the synthesis of antibodies promoted by 
interleukins and in non-immune cells inhibit the production of growth 
factors. Everolimus inhibits the growth and proliferation of tumor cells 
that overexpress mTOR and has demonstrated antineoplastic efficacy in 
various types of tumors.  
The main side effects are alterations in the lipid profile, as well as 
myelosuppression, mucositis, serositis and edema. Some cases of 
pneumonitis and proteinuria associated with its use have been described 
and its use as a basic immunosuppressant is contraindicated in lung 
transplantation, due to the risk of dehiscence of the bronchial suture 
during the first 3-6 months post-transplantation (59). On the other hand, 
it is the antiproliferative capacity of imTORs on fibroblasts (27) that is 
considered to reduce the development of BOS (60). The role of imTOR 
inhibitors in lung transplant is still being identified. They may be used in 
conjunction with or substituted for either calcineurin inhibitors or other 
antiproliferative agents. The most common reasons for using imTOR 
include kidney dysfunction due to calcineurin inhibitors, onset of BOS, and 
malignancy (61–63). For those patients that exhibit kidney dysfunction, 
adding an imTOR and reducing the CNI dose has been shown to improve 
kidney function (61,64,65). Additionally, due to their antiproliferative and 
anti-fibroblast effects (60), imTOR have been used in LTR with BOS to help 
slow progression.  





The effect of different immunosuppressive drugs as maintenance therapy, 
has a differential effect on the immune system. Our group demonstrated 
more than a decade ago that CNI were able to reduce Treg in blood of 
renal transplant patients (66). On the other hand those patients under 
mTOR treatment showed similar levels of Treg cells in peripheral blood 
compared to healthy controls. On the other hand the election of CNI or 
imTOR is also influencing the humoral response, as it has been 
demonstrated that CNI are more powerful inhibitors of the antibody 
production and are more efficient in treating the humoral rejection than 
Everolimus (67). 
1.3.2.3- Antimetabolite drugs  
Mycophenolic acid is the most widely used antimetabolite in 
immunosuppression regimens in solid organ transplantation (68). 
Mycophenolaty mofetil (MMF) is a pro-drug easily absorbed from the 
gastrointestinal tract and hydrolysed in the liver to its active form or 
mycophenolic acid (MPA) a non-competitive inhibitor of inosine 
monophosphate dehydrogenase (IMPDH), avoiding the conversion of 
inosine monophosphate to guanine monophosphate. This process blocks 
the de novo synthesis of purines, a key process for the proliferation of 
lymphocytes and DNA replication, unlike other cells that can use other 
pathways for purine synthesis. This makes MMF a specific inhibitor of 
lymphocyte proliferation, reducing the production of antibodies by the B 
lymphocyte as well as the cytotoxicity of the T lymphocyte (69). 
The most frequent adverse effects are gastrointestinal, cholecystitis, 
hemorrhagic gastritis, intestinal perforation and pancreatitis have 





occasionally been described. It can cause leukopenia. The association with 
other immunosuppressants increases the risk of opportunistic neoplasms 
and viral and fungal infections, particularly cytomegalovirus and 
candidiasis. In addition, mycophenolate is teratogenic and is 
contraindicated in pregnancy.  
Azathioprine is a derivative of 6-mercaptopurine (6-MP) that releases 6-
MP into the tissues. It inhibits DNA synthesis and reduces the proliferation 
of T and B lymphocytes, in response to the antigenic stimulus. T 
lymphocytes are more sensitive than B lymphocytes. It is useful in 
preventing rejection of grafts or organ transplants but not to treat 
rejection. The main side effect of azathioprine is myelosuppression.  
Similarly to other immunosuppressants, they increase the risk of 
infections and neoplasms, particularly skin cancer, by increasing sensitivity 
to sun exposure. 
1.3.2.4- Corticosteroids 
Corticosteroids are one of the main pillars of immunosuppression in 
induction and maintenance treatment during the first years after 
transplantation and during rejection episodes. They have a powerful and 
nonspecific immunosuppressive effect that affects all leukocytes. They 
cross the cell membrane and bind to cytoplasmic receptors, forming a 
complex that translocates to the nucleus where it modifies the 
transcription of genes involved in the inflammatory response. 
Corticosteroids affect the number, distribution, and function of B and T 
lymphocytes, granulocytes, macrophages, monocytes, and endothelial 
cells (70,71). They also modify the expression of cytokines, growth factors, 





CD-40 ligand, adhesion molecules, chemotactic factors, and proteolytic 
and lipolytic enzymes. Steroids are very important in the induction of 
immune tolerance. The great problem with corticosteroids are their side 
effects in maintenance therapy: arterial hypertension, diabetes, 
hypercholesterolemia, hydrosaline retention, growth retardation, 
osteopenia and osteoporosis, nervousness, emotional lability, cataracts, 
hirsutism, proximal myopathy, acne, capillary fragility, weight gain and 
central obesity (72). 
The effects of corticosteroids on Treg cell number have been studied in 
animal models and humans but their role appears to be context-
dependent. In several in vitro studies corticosteroids favour the expansion 
of activated Treg, but the effects of corticosteroid  treatment on Treg 
seem to be depending on the disease and tissue conditions (73). 
 
Figure 15| Maintenance immunosuppressive therapy and mechanisms of action.  





1.3.3- Humoral rejection therapy  
In general, immunosuppressive drugs are used to suppress T cell mediated 
immunity. However the role of humoral response in solid organ transplant 
recipients has become more evident over the years and new strategies 
have been designed to suppress the humoral response. Rituximab, a 
monoclonal anti-CD20 antibody that induces B cell depletion(74) 
Plasmapheresis is mainly used for antibody removal from circulation in 
humoral rejection (75). Bortezomib, an inhibitor of 26S proteasome that 
leads to plasma cell apoptosis, has been used successfully in case reports 
to treat possible acute humoral rejection in LTRs (76,77). Intravenous 
immunoglobulin (IVIG) is used in transplantation in highly sensitized 
patients as it reduces the levels of HLA antibodies and inhibits their 
capacity to bind to the graft (78). Treatment with IVIG, plasmaphresis, 
rituximab, antithymocyte globulin and eculizumab have been described in 
various case reports with variable results (79–81). 
 





Figure 16| Induction therapy choice based on risk assessment. (Adapted from 
Hardinger et al., 2013)(48). 
 
1.4- The immune system in transplantation 
1.4.1- The role of innate immune response in transplantation 
The donor brain death increases the risk of inflammation in the graft. 
When organs are obtained from brain-dead donors, the ischemia induced 
in the organs develop an inflammatory response featured by an 
infiltration of mononuclear and polymorphonuclear cells and increased 
expression of adhesion molecules and complement factors, which directly 
activate graft infiltrating T lymphocytes and dendritic cells (82). Brain 
death is accompanied by hemodynamic changes characterized by an initial 
phase of arterial hypertension, followed by hypotension (83). The 
decrease in perfusion pressure causes a storm of catecholamine secretion 
with a potent release of pro-inflammatory cytokines, which activate cells 
of the immune system (IS). 
The expression of MHC, MCP-1 and RANTES molecules increases in 
endothelial and dendritic cells. Additionally, in KT, the expression of IL-1β 
and TNF-α in the interstitium and the renal tubules increases. These 
findings are found in a significantly lower proportion in the living donor 
graft. 
Ischemia increases the risk of inflammation, delayed graft function, and 
rejection (84). The injured cells release intracellular material that 
stimulates the innate immune response. This material is known as « 
damage associated molecular patterns» (DAMPs). 





DAMPs are endogenous molecules released from injured cells, and 
modulate immune responses via pattern recognition receptors (PRRs). 
Dying and stressed cells release many DAMPs, but living cells can still 
expose DAMPs on their plasma membranes (85). They are ligands for Toll-
like receptors (TLRs) and cytosol pattern recognition receptors 
(nucleotide-binding domain oligomerization protein receptors, NLRs). 
Once stimulated, they initiate a biochemical signal pathway that activates 
the innate immune response, including the production of cytokines and 
the expression of costimulatory molecules (86). Organs from brain-dead 
donors show a higher expression of TLRs than those from living donors 
(87). 
Dendritic cells are specialized phagocytes present in most tissues. In the 
graft, they are generally resting and are activated by secreted cytokines 
due to the effect of brain death and by the action of DAMPs on TLRs. Once 
activated, they acquire mobility and phagocytic capacity of peptides from 
the medium; such as, those derived from MHC molecules, which process 
and express them in their HLA (88). 
1.4.2- The role of the adaptive immune response in graft rejection 
Vascular unclamping connects the transplanted organ and the recipient IS; 
amplifies the innate immune response in the graft and initiates the 
stimulation of the adaptive immune response (alloantigen-specific 
response).  
Dendritic cells, DAMPs, cytokines, and chemokines from the transplanted 
organ enter the recipient's circulation; and on the contrary, cells of the 
receptor's innate immune response (macrophages, neutrophils and NK 





cells) are attracted to the graft. In addition, activated dendritic, 
endothelial, and stromal cells secrete IL-6 and TNF-α, which stimulate the 
expression of CXCL8 (IL-8) chemokines in epithelial cells, which attract 
neutrophils with CXCR2 receptors (89).  
Recirculating naïve lymphocytes that are primed in the secondary 
lymphoid tissues ,once activated can migrate into the transplant (89). 
Priming of recipient T cells requires presentation of alloantigens to naive T 
lymphocytes by dendritic cells. To facilitate it, dendritic cells migrate, 
guided by chemokines, to naïve T-lymphocyte-rich areas of secondary 
lymphoid organs. The association between both cells (immune synapse) is 
carried out between the TCR and the HLA molecule of the dendritic cell 
(carrier of the alloantigen), with the participation of adhesion and 
costimulation molecules (elaborated in section 1.3 Immunosuppressive 
treatment in transplantation). 
One of the main characteristics of HLA molecules is their high 
polymorphism (there are multiple alleles of each gene present in the 
population). This impressive HLA variability constitutes the molecular basis 
for rejection. Thus, the recipient's immune system recognizes the 
differences in HLA between donor and recipient, which triggers an 
allospecific response, whose purpose is to destroy the graft.  
The direct pathway is the predominant in initiating the adaptive immune 
response to an allogenic mayor histocompatibility complex (MHC) 
transplant. However, because the number of passenger leukocytes 
transferred within a transplanted organ is limitated, over the years it is 





likely that these donor antigen presenting cells (APC) will disappear and 
that the predominant response becomes an indirect response (89). 
Once activated B lymphocytes differentiate into plasma cells and produce 
soluble immunoglobulins. For their activation they require contact with 
the antigen and the collaboration of the cytokines produced by CD4 + Th2.  
1.5- Mechanisms of tolerance in transplantation 
One of the main objectives in the field of transplantation is the reduction 
or withdrawal of immunosuppressive drugs. Thus, in liver transplantation 
there is a number of cases of tolerance after total withdrawal of 
immunosuppression that have been described (90). This phemomenon is 
called operational tolerance.  
Regarding tolerance in transplantation there are several mechanisms that 
can favour a state of tolerance of the graft. Clonal deletion is the 
elimination of alloantigen-reactive T cells from the donor that can be 
achieved centrally or peripherally. In animal models it has been shown 
that the ablation of specific T cells in the thymus and the periphery can be 
accomplished with non-myeloablative conditioning therapies and the 
tolerance state achieved is systemic (91). In the periphery, tolerance can 
be stimulated by alloantigen recognition under suboptimal conditions, 
costimulatory blockade for example (92). The consequence is the 
elimination or functional inactivation of the cells that are responding to 
the donor alloantigen. Clonal depletion can occur after liver 
transplantation, where a large number of donor-derived antigen-
presenting cells migrate from the liver to lymphoid tissues after 
transplantation, being able to activate this response (93). 





The concept of anergy consists of a hiporesponse of the T-cell to 
alloantigen estimulation. It was observed in vitro that the lack of signals, 
the recognition of antigens with low affinity or the presentation by 
immature APC which secrete suppressor cytokines induce anergy (94). 
Other forms of T-cell anergy involve the development of regulatory 
activity due to competition with alloreactive T cells for the surface of APC 
as well as for locally produced IL-2 (95). 
Ignorance is a mechanism for the induction of non-response to 
alloantigens. Encapsulated cells, such as Langerhans islets prior to 
implantation, should allow the immune system to ignore the presence of 
the graft. It has been described that pre transplant donor splenocyte 
infusion after transplantation induce tolerance (96). Similarly, lack of 
support at allorecognition would also facilitate tolerance (97,98). The 
antigen expression level, the amount of proinflammatory cytokines and 
the presence/absence of costimulatory signals in the graft are some of the 
factors that influence this process. 
Immunoregulation is a process based on one or several populations of 
cells that regulate the activity of others. Different subpopulations of 
leukocytes have been described to have the ability to control immune 
responses to alloantigenic stimulation. This immunoregulatory cells 
display different mechanisms to regulate both innate and acquired 
immune responses. 
 






Figure 17| One of the most important goals in transplantation is to achieve a balanced 
state of tolerance or immunoregulation in which immunosuppressive drugs are able to 
prevent rejection but the side effects are avoided. Regulatory mechanisms seem to 
play an important role in this process and may help to accomplish this aim. 
1.6-Regulatory mechanisms of the immune response  
1.6.1- T, NKT and B regulatory cells 
Within the different regulatory mechanisms of the immune response the T 
regulatory cells are the most studied, the can be classified into natural 
Tregs originated in the thymus and it has been demonstrated that they 
exert a main role in controlling autoimmune diseases. IL-10 producing 
type 1 Tregs (Tr1) can be distinguished from other T CD4+ subsets 
(Th1/Th2) due to their low expression of IL-2 and IL-4. An important 
difference between nTregs and Tr1 is that Tr1 do not express high levels of 
CD25 on their surface (99). TGFβ producing Th3 cells were described from 
oral tolerance experiments (100,101). Other lymphoid cells such as T CD8+ 
cells, T γδcells , NK cells, NKT cells, have also been described due to their 
MSC 





immunorregulatory properties (102–106). B regulatory cells (Breg) are 
considered as a population able to suppress immune responses 
independent of antibody secretion, but they can be identified by IL-10 
secretion (107). 
1.6.2- Mesenchymal Stem Cells 
Mesenchimal stem cells (MSC) have been studied in the clinical setting 
due to their immunomodulatory features. MSC were shown to stimulate 
the polarization of macrophages towards a regulatory phenotype and to 
inhibit the differentiation into the proinflamatory phenotype and dendritic 
cells (DCs) (108–110). MSCs suppress T cell proliferation (111) and 
increase the expansion of Tregs in vitro and in vivo (112,113). MSC are also 
strong inhibitors of natural killer cell (NK cell) proliferation. (114) and able 
to reduce plasmablast formation as well as to promote the induction of 
Bregs (115). 
1.6.3- Myeloid Regulatory Cells 
Myeloid cells, which are involved both in non-specific reactions and 
donor-specific adaptive responses during allograft rejection, play a main 
role starting immune responses. Under certain circumstances, they 
contribute to the inflammatory process, enhancing disease pathology. 
However, myeloid cells with regulatory properties can protect the host 
from uncontrolled inflammation. These cells, known as MRC, have been 
described within all the major myeloid cell lineages. 
 
 





1.6.3.1- Tolerogenic Dendritic cells (TolDC) 
TolDC are semi-immature cells (featured by their low HLA-DR expression 
and costimulatory molecules). At baseline they are able to present 
autoantigens, but under low costimulation they induce anergy in 
autorreactive T cells or promote T reg generation. TolDC are induced in 
anti inflammatory conditions in the local milieu (TGF-β o IL-10, retinoic 
acid o vitamine D3) (116). In this way TolDC have been generated in vitro 
and have been used as pasive therapy in some transplant models. The 
increase on the expression of PD-L1 and PD-L2 is among the mechanisms 
implied in Treg induction from TolDC. Moreover, Tregs are able to reduce 
costimulatory molecules from the dendritic cell surface an induce TolDC 
(117). 
1.6.3.2- Regulatory Macrophages (Mreg) 
Macrophages exhibit considerable plasticity and they can modify their 
phenotype and functions in response to different microenviroments. 
(118)Classical macrophages known as M1 are well known for their role in 
promoting immune responses. On the other hand, M2 macrophages are 
activated in different conditions and they are associated with the 
reduction of tissue inflammation. Among M2 macrophages several 
populations can be classified depending on their specific functions: M2a 
induced by Th2 cytokines, IL4, IL13 and responsible for mediating tissue 
repair and Th2 responses; M2b induced by immune complexes, TLRs and 
IL-1R are responsible for immunoregulation; M2c induced by anti-
inflammatoy cytokines IL-10, TGF and exerting their function in 





phagocytosis or glucocorticoids and M2d induced by IL-6 like cytokines 
and participating in angiogenesis (119).  
Mreg have been described due to their ability to increase Treg and to 
modulate immune responses favouring allograft acceptance. Although 
some M2 subpopulations present regulatory features, transcriptomic 
studies have shown considerable differences between M2 macrophages 
and Mreg profiles (120). 
On the other hand Mreg have been differentiated in vitro from monocytes 
cultured with M-CSF and INF-, in a licensing process. leading to stabilized 
expression of indoleamine 2,3 dioxygenase (IDO) (121). It has been 
demonstrated an increase in the expression of DC-SIGN M-CSF dependent 
in tolerogenic macrophages (122).  
Among the different mechanisms proposed above to achieve tolerance, 
the present work will focus on the role played by MDSCs in the regulation 
of the immune response to achieve tolerance to alloantigens, and the 
effect of immunosuppressive drugs on this regulatory population.  
1.6.3.3- Myeloid-Derived Suppressor Cells (MDSCs) 
Among MRCs, myeloid-derived suppressor cells (MDSCs) have been 
described as a heterogeneous group of myeloid cells known to accumulate 
under chronic pathological conditions (123). As a reflection of their 
biology, these cells had been called ‘‘immature myeloid cells’’ or ‘‘myeloid 
suppressor cells’’ (MSC) but as neither term was considered as accurate, 
Gabrilovich DI, et al.(124) proposed the term ‘‘myeloid -derived 
suppressor cells’ considering this term closer to reflect their origin and 
function. Myeloid cells were described for the first time more than 20 





years ago in tumors (125–127) but their important role in the immune 
system has only recently been appreciated due to the evidence that has 
demonstrated their contribution to the regulation of immune responses in 
cancer, organ transplantation, infection and autoimmune diseases 
(123,128–132). Initially MDSC have been described as immature cells that 
expand in the bone marrow in response to chronic inflammatory signals 
but evidence support in certain circumstances MDSC may represent 
monocytes and neutrophils that have been activated into 
immunosuppressive populations (133). 
 
Figure 18| Human MDSCs mainly come from a common myeloid progenitor (CMP) in 
the bone marrow. They develop under chronic pathological conditions and can be 
grouped into three main populations: monocytic MDSCs (Mo-MDSCs), 
polymorphonuclear MDSC (PMN-MDSCs) and early stage MDSC (e-MDSCs). 
1.6.3.3.1- Phenotyping of human MDSCs 
Human MDSCs in peripheral blood are classified in three main subsets: 
monocytic-MDSC (Mo-MDSCs: CD33+ CD11b+ CD14+  HLA-DR-/low ), 





polymorphonuclear-MDSC (PMN-MDSCs:CD11b+ CD14-CD15+ HLA-DR- or 
CD11b+ CD14- CD66b+)(134) and a population lacking both differentiation 
surface markers classified as early-stage MDSC (e-MDSCs: CD33+ CD15- 
CD14-HLA-DR- )(134). CD33 marker can be swapped with CD11b. 
cells.While Mo-MDSC are CD33+, PMN-MDSC are CD33dim (135). The 
features and clinical relevance of e-MDSC are not well stablished but 
limited suppression of T cell proliferation and cytokine expression was 
found by some authors (136). Other suggested makers in human MDSCs 
include high levels of CD66b and low levels of CD62L and CD16, vascular 
endothelial growth factor receptor 1 (VEGFR1) (Flt-1) (137) and expression 
of CD124 (138). Initially the term ‘granulocytic MDSC’ was used to 
describe PMN-MDSC (139,140) but since PMN-MDSC are phenotypically 
distinct from steady-state neutrophils lately V. Bronte et al proposed the 
term PMN as more accurate to define this subset (134).  
1.6.3.3.2- Suppressive function of human MDSCs 
Because these markers are not exclusively expressed by MDSCs, these 
regulatory cell subsets are best defined by their capacity to suppress T cell 
proliferation (141), which is associated with their ability to induce T cell 
apoptosis (142) and expand Treg cells (143)(Figure 19). Moreover, the 
interaction between MDSC and other immune cells has been described in 
recent years (144–147).  
It is important to remark that assays of human MDSC function are difficult 
to implement due to their technical complexity and high variability. At the 
present time, the method to isolate neutrophils from PMN-MDSC is Ficoll 
gradient. Low-density fraction contains PMN-MDSC and activated 





neutrophils. Therefore, CD11b+CD14-CD15+/CD66+ cells in low-density 
fraction may be both subsets (134). For this reason there is a need for 
reliable markers of human MDSC function since at present the gating 
criteria is not enough to discriminate monocytes from Mo-MDSCs and 
neutrophils from PMN-MDSC. Human MDSCs exert their T cell suppressive 
actions through a wide variety of mechanisms, including production of 
anti-inflammatory cytokines and up-regulation of immune-regulatory 
molecules, including arginase 1 (Arg1) and indoleamine 2,3-dioxygenase 
(IDO) (148,149) (Figure 19).  







Figure 19| Mechanisms of MDSC suppressive activity. MDSC exert their suppressive 
function through a variety of mechanisms: (1) secretion of anti-inflammatory 
mediators, such as IL-10 and TGF-β that promote induction of T-regulatory cells; (2) 
increased arginase and iNOS: the increased activity of arginase leads to enhanced L-
arginine catabolism. The lack of L-arginine inhibits T-cell proliferation through different 
mechanisms, including decreasing their CD3ζ expression ; on the other hand iNOS 
generates NO which suppresses T-cell function inhibiting,  MHC class II expression  and 





inducing T-cell apoptosis; (3) increased production of ROS generates peroxynitrite 
which induces the nitration and nitrosylation of the amino acids and mediate MDSC 
suppression of T-cell function(4).MDSCs can inhibit NK cell function by interacting with 
the NKp30 receptor (5) inducing increased PD-1 expressión and (6) increased IDO 
activity which catabolizes tryptophan and limits T cell proliferation.  
 
1.6.3.3.3- Human MDSCs in Solid Organ 
Transplantation  
In transplantation the MDSCs are able to suppress adaptive and innate 
immune responses and they have been suggested as potential biomarkers 
for allograft tolerance as they can play a main role in the balance between 
graft acceptance and rejection (150,151). The MDSCs were defined in mice 
as CD11b+ Gr1+ cells and experimental transplant models demonstrated 
they play an important role in the induction of tolerance (151,152). Most 
of the published studies were performed in animal models, hence there is 
a paucity of data addressing MDSC features and their role in human 
transplantation.  
Conventional phenotyping of human Mo-MDSCs subsets mainly relies 
upon HLA-DR expression; however, it is unclear to what extent HLA-DR 
expression is influenced by standard immunosuppression. An important 
goal in the study of the MDSCs is to find specific surface markers and 
gating strategies allowing identification of the different populations of 
MDSCs. On the other hand a mayor challenge in immune monitoring of 
transplant recipients is distinguishing between changes in biomarkers 
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Solid organ transplantation is a primary therapy in patients with end-stage 
diseases. Although remarkable improvement has been achieved due to 
the immunosuppressive protocols and the reduction in the incidence of 
AR has been reduced, there is still a high percentage of transplant 
recipients that suffer from AR within the first year after transplantation.  
Moreover patients that have previously suffered an AR in KT, usually show 
a higher incidence of chronic rejection and as a consequence long-term 
allograft survival has not improved significantly throughtout the years. 
Likewise, although the survival rate has been improved in short and 
medium-term in LTR, the survival rate at 5 years post-transplantation is 
around 50%. For this reason, the main goals in transplantation are to 
predict the risk of developing rejection and to find alternative tolerance 
approaches to allow immunosuppression minimization in order to lower 
the adverse effects that have deleterious effects on long term graft 
survival. Among the different tolerogenic approaches, myeloid cells, play a 
main role in the control of immune responses: under certain 
circumstances, they contribute to the inflammatory process, expanding 
disease pathology. However, myeloid cells with regulatory properties can 
protect the host from uncontrolled inflammation. These cells are known 
as MRCs and have been described within all the major myeloid cell 
lineages. Among them, MDSCs are considered as a heterogeneous group 
of myeloid cells known to accumulate under chronic pathological 
conditions. The first observations of suppressive myeloid cells were 
described more than 20 years ago in cancer patients. However, their 
functional importance has only recently been appreciated due to studies 
reporting their contribution to the regulation of immune responses in 
other clinical settings, such as organ transplantation. 
María Iglesias Escudero                                                                                                                  Hypothesis 
_____________________________________________________________________________ 
 
 66   
 
 In transplantation the MDSCs are able to suppress adaptive and innate 
immune responses and they have been suggested as potential biomarkers 
for allograft tolerance as they can play a main role in the balance between 
graft acceptance and rejection. The effect of different immunosuppressive 
drugs as maintenance therapy has a differential effect on the immune 
system. Based on previous results from our group, demonstrating that CNI 
were able to reduce circulating Tregs in renal transplant patients, it is 
likely that the immunosuppressive drugs most commonly used are 
affecting the phenotype and function of MDSCs in distinct manners. For 
this reason, to monitor how MDSCs are regulated in vivo in solid organ 
recipients would be a certain approach to assess their role in tolerance. 
Moreover, to evaluate the effect of immunosuppressive regiments on 
their function would shed light on the field and may help in future 
strategies in order to minimize immunosuppression. As most of the 
published studies were performed in animal models, MDSCs tolerogenic 
effect is not well established in patients and the monitoring of these cell 
populations prospectively might help. Human MDSCs are classified into 
three main subsets based on their phenotypic markers, though these 
markers are not exclusively expressed by MDSCs and these regulatory cell 
subsets are best defined by their capacity to suppress T cell proliferation 
and expand Tregs. On the one hand, assays of human MDSCs function are 
difficult to implement due to their technical complexity. Moreover, 
conventional phenotyping of human Mo-MDSCs subsets mainly relies 
upon HLA-DR expression and it is unclear to what extent HLA-DR 
expression is influenced by standard immunosuppression. Hence, there is 
also a need for new studies regarding the effect of immunosuppression on 
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The objectives of the project were the following: 
1) To analyze in vitro the phenotype and suppressor function of MDSCs 
after polyclonal activation. 
2) To evaluate how MDSCs induce differentiation to effector or regulatory 
T cells. 
3) To study whether there are different effects of CNI or imTOR on MDSCs 
obtained from KTR. 
4) To monitor the number and phenotype of MDSCs from peripheral blood 
monocytes after renal and lung transplantation and to find out any 
relationship with kidney and lung transplant outcomes. 














































4.1- Study design 
A total of 38 consecutive KTR were enrolled in the prospective study of KTR 
after consent given while listed for kidney transplantation in the Hospital 
Universitario Marqués de Valdecilla during 2016. The study was approved by 
the Hospital Universitario Marqués de Valdecilla Ethics Committee. The mean 
follow-up time was 459 days. The clinical and immunological features of the 
KTR are summarized in Table 3. Clinical data were collected from patient 
records and blood was drawn at baseline/ day 0, 180 and 360 days after 
transplantation. To perform the prospective study in LTR a total of 82 
consecutive patients were enrolled in the study after consent given while 
listed for lung transplantation in the Hospital Universitario Marqués de 
Valdecilla since 2016. The study was approved by the CEIC. The mean follow-
up time was 239 days. The clinical and immunological features of the LTR are 
summarized in Table 4. A protocol biopsy at day 21 after lung transplantation 
is performed in our institution. Acute rejection was assigned based on ISHLT 
guidelines. Clinical data were collected from patient records and blood was 
drawn at day 0 (n=82), 7 (n=52), 21 (n=73), 90 (n=67), 180 (n=61) and 360 
(n=50) days after transplantation. Importantly, all the LTR were receiving 
Tacrolimus (Table 4) as main immunosuppressant during the first 360 days 












Table3. Main features of study population (KTRs)                                                    N=38 
Recipients Age, mean, years     51.88 (SD 13.23) 
Donors Age, mean, years      49.61 (SD 12.63) 
Healthy Controls Age, mean, years     46.17 (SD 11.85) 
Recipient Sex (% Female)                                                                               18 (47.37%)                                                                      
Donor sex (%Female)                                                                      19 (50%) 
Dialysis post kidney  transplant                                           10 (26%) 
Preexisting anti-HLA antibodies     13 (34.21%)  
Class I antibodies                                                                      10 (26%) 
Class II antibodies                                             8 (21.05%) 
Rejection       6 (15.78%) 
RT        11 (28.94%) 
ATN           10 (26.32%) 
Induction treatment  
None       21 (55.26%) 
ATG       12 (31.57%) 
Basiliximab      5 (13.15%) 
Both       0(0.00%) 
Immunosupressive protocol 
Calcineurin inhibitor     33 (86.84%) 
mTOR inhibitor      0 (0.00%) 
Both        5 (13.15%) 
ABDR Mismatches  
>3       24 (63.15%) 
≤3       14 (36.84%) 
       Class II Mismatches 
0                                                  8 (21.05%) 
1                                                17 (44.73%) 
2                                                  13 (34.21%) 
Renal disease  
Glomerular                                                                   11 (28.94%) 
Others                                                                            1(2.63%) 
Congenital                                                                  7(18.42%) 
Sistemic                                                                          10 (26.31%) 
Vascular                                                                       2(5.26%) 
Interstitial                                                                                           5(13.15%) 
Unknown                                                                      2(5.26%) 
Peripheral Blood Creatinine  
Cr 7 days post trasplant                                                        2.28 (SD 1.70)  
Cr 30 days post transplant                                                     1.90 (SD 1.39) 
Cr 120 days post transplant                                                   1.40 (SD 0.45) 
Cr 180 days post transplant                                                  1.40 (SD 0.48) 
                                                    
SD, standard deviation    ESRD, end stage renal disease   1stT, first transplant   











                                                                                                                                                                    
Table 4. Main features of study population (LTRs)                                                         LTPN=82                                                
Age, mean, years            56.38 (SD 10.34)                                   
Female                                                                               27 (32.93%) 
PGD                                                                   22 (26.82) 
Preexisting anti-HLA antibodies                          22 (26.83%)  
Class I antibodies                                                                             22(26.83%) 
Class II antibodies                                                                       3 (3.65%) 
 Rejection                                                                                       30 (36.58%) 
Basal Disease    
Bronchiectasis/Cystic fibrosis                                                                 8 (9.74 %) 
In-tur-STISH-ul                                                                                           44 (53.65 %) 
COPD                                                                                                           22 (26.8 %) 
PPH                                                                                                              5 (6.09 %)   
Others                                                                                                         3 (3.65 %) 
Intubation time  
≤3 days                                                                                                       66 (80.48 %) 
>3 days                                                                                                      16 (19.51 %) 
Infection   (first month)                                                                          30 (36.58 %) 
Induction treatment  
Basiliximab                            82(100%) 
Immunosupressive protocol 
Calcineurin inhibitor                           82 (100 %) 
ABDR Mismatches  
>3                                           68 (82.92 %) 
≤3                                           14 (17.08 %) 
 Class II Mismatches 
0                                                         3(3.66%) 
1                                                                      35(42.68%) 
2                                                         44 (53.66%) 
 
 
SD, standard deviation  PGD, primary graft dysfunction In-tur-STISH-ul diffuse intersticial 
COPD , chronic obstructive pulmonary disease PPH, primary pulmonary hypertension 
 





4.2- Monoclonal Antibodies and Flow cytometry analysis 
The Peripheral Blood Mononuclear Cells (PBMCs) or isolated MDSCs were 
stained with the following monoclonal antibodies: Anti-CD33- 
Allophycocyanin (APC) (clone D3HL60.251), anti-CD3-Fluorescein 
isothiocyanate (FITC) (clone UCHT1), anti-CD14- Phycoerytrin- Texas Red- 
(ECD) (clone RMO52) and anti-CD11b-Phycoerytrin (PE)-cyanin 7 (Cy7)  
(clone Bear1) (Beckman Coulter, Marseille, France); anti-CD16- (APC)- Cy7 
(clone 3G8), anti-CD56- FITC (clone HCD56 and, anti-HLA-DR-Brilliant 
Violet 510 (BV510) (clone L243) (Biolegend, San Diego, CA); anti-CD19- 
FITC (clone 4G7) and anti-CD14-FITC (clone MφP9) (BD Biosciences); anti-
CD25-PE (clone 2A3) and anti-FoxP3-Pacific Blue (clone 206D) (BD 
Biosciences); anti-CD15-CF Blue (clone MCS-1) (Inmunostep, Salamanca, 
Spain); and anti-CD4-APC-Vio770 (clone REA623) from Miltenyi Biotech. 
The cells were incubated during 20 min, washed with Phosphate Buffer 
Saline (PBS), acquired in a Cytoflex® flow cytometer (Beckman Coulter) 
and analyzed using Kaluza version 1.3. MDSC were quantified by flow 
cytometry following the gating strategy proposed by Bronte et al. (134) to 
characterize MDSCs subsets: Mo-MDSCs (CD33+CD11b+HLADR- CD14+ 
CD15-), PMN-MDSC (CD33+CD11b+HLADR- CD15+ CD14-) and e-MDSC Lin- 
(CD14+CD56+CD3+CD19+) CD33+CD11b+HLADR- CD14-CD15-. Total MDSC 
were defined as CD33+CD11b+HLADR- cells. Fluorescence minus one 
control was used to identify HLA-DR+ and HLA-DR- cells.  
To test new flow cytometry panels for MDSCs phenotyping (Table 5), 
peripheral blood samples were collected into EDTA-vacutainers by 
venopuncture and then delivered to the immune monitoring (Clinikum 





Regensburg, Germany) laboratory at room temperature. Pre-analytical 
samples were stored for up to 4 hours at 4°C until before processing. 
Whole blood was stained with the antibodies listed in table 5and the 
PerFix EXPOSE (Phospho-Epitopes Exposure kit) protocol described by 
Beckman Coulter was followed. Data were recorded with a NaviosTM 
ytometer running Cytometry List Mode Data Acquisition and Analysis 
Software or NaviosTM Cytometer, version 1.3 from Beckman Coulter. 
Analyses were performed using Kaluza version 1.3.  
4.3- Analysis of cell viability 
To assess the frequencies of cell death in in vitro cell culture conditions, 
collected cells from the plates were incubated for 10 minutes with 7-amino-
actinomycin D (7AAD) (Tonbo Biosciences before acquisition on a Cytoflex®. 































































































ANTIGEN CD11b LOX1 LIN* CD15 CD124 CD16 CD14 CD33 HLA-DR CD45 
Clone Bear1 15C4  W6D3 G077F6 3G8 RMO52 D3HL60.251 G46.6 J.33 
Isotype mIgG1 mIgG2a  mIgG1 mIgG2a mIgG1 
mIgG2
a 
mIgG1 mIgG2a mIgG1 
Amount 
(μl) 
5 5  5 5 5 6 4 8 8 
Supplier BC BioLeg.  BioLeg. BioLeg. BC BC BC BD BC 
Cat.# IM0530 359604  323020 355008 B00845 A99020 A70200 562805 B36294 








ANTIGEN pS6 IRF1 LIN* CD15 IDO pmTOR CD14 CD33 HLA-DR CD45 
Clone N7-548 20/IRF-1  W6D3 Eyedio O21-404 RMO52 D3HL60.251 G46.6 J.33 
Isotype mIgG1 mIgG1  mIgG1 mIgG1 mIgG1 
mIgG2
a 
mIgG1 mIgG2a mIgG1 
Amount 
(μl) 
20 6  5 5 5 6 4 8 8 
Supplier BD BD  BioLeg. Biosciences BD BC BC BD BC 
Cat.# 560434 566322  323020 25-9477-42 564242 A99020 A70200 562805 B36294 








ANTIGEN ARG1 LOX1 LIN* CD15 IDO CD16 CD14 CD33 HLA-DR CD45 
Clone A1exFS 15C4  W6D3 Eyedio 3G8 RMO52 D3HL60.251 G46.6 J.33 
Isotype rIgG2a mIgG2a  mIgG1 mIgG1 mIgG1 
mIgG2
a 
mIgG1 mIgG2a mIgG1 
Amount 
(μl) 
5 5  5 5 5 6 4 8 8 
Supplier invitrogen BioLeg.  BioLeg. Biosciences BC BC BC BD BC 
Cat.# 53-3697-82 359604  323020 25-9477-42 B00845 A99020 A70200 562805 B36294 








ANTIGEN CD35 CCR2 LIN* CD15 CD88 CD326 CD14 CD33 HLA-DR CD45 
Clone J3D3 K036C2  W6D3 S5/1 VU1D9 RMO52 D3HL60.251 G46.6 J.33 
Isotype mIgG1 mIgG2a  mIgG1 mIgG2a mIgG1 
mIgG2
a 
mIgG1 mIgG2a mIgG1 
Amount 
(μl) 
5 5  5 5 5 6 4 8 8 
Supplier BEC BioLeg.  BioLeg. BioLeg. BC BC BC BD BC 
Cat.# RUO 357206  323020 344308 B90408 A99020 A70200 562805 B36294 
Status IM1836 RUO  RUO RUO ASR ASR ASR RUO CE 
  
                                                 * LIN  
ANTIGEN CD3 CD19 CD20 CD56 
Clone UCHT1 J3-119 B9E9 N901 
Isotype mIgG1 mIgG1 mIgG2a mIgG1 
Amount (μl) 10 10 15 10 
Supplier BC BC BC BC 
Cat.# A07748 A07770 B92433 B49214 
Status CE CE CE CE 
 





4.4- Myeloid cell subsets changes in in vitro culture  
To determine the changes of MDSCs subsets in culture, sorted 105 CD33+ 
cells/well were cultured with R10 medium (RPMI, 10% fetal bovine serum 
(FBS), 2% L-Glutamine,1% non essential amino acids, 0.5% Penicillinn/ 
Streptomycin, 1% Sodium Bicarbonate, 1% Na Pyruvate). The CD33+ cells 
were sorted by magnetic-automated cell sorting using CD33 positive 
separation Microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany) 
according to the manufacturer´s instructions. Cells were collected and 
their phenotype changes were analyzed at baseline, 1, 3, 5 and 7 days 
after culture. The frequencies of each MDSC subset at each time collection 
were quantified according to the profiles described above. 
4.5- Effect of Immunosuppressant drugs in vitro 
Upon MACS sorting, 105 CD33+ cells/well were cultured in the presence/ 
absence of different concentrations of tacrolimus, rapamycin and 
everolimus (Sigma Aldrich, St Louis, MO) in a U-bottomed 96-well plate. 
The working drug concentration ranges were: tacrolimus (0–50ng/ml), 
rapamycin (0–50 ng/ml) and everolimus (0–50 ng/ml). Phenotypic changes 
were tested by flow cytometry at day 3.  
4.6- In vitro evaluation of MDSCs suppressor function: Cell isolation and 
sorting of MDSCs 
CD4+ T cells were isolated from healthy donors, KTR or LTR PBMCs by 
immunomagnetic depletion using EasySep™ Human CD4+ naïve T Cell 
Isolation Kit (Stemcell Technologies, Grenoble, France) according to the 
manufacturer´s instructions and incubated with CarboxyFluorescein 
Succinimidyl Ester (CFSE) 5nM. The CFSE-labeled T CD4+ cells (5x105) were 





stimulated with Dynabeads Human T-activator CD3/CD28 (Life 
Technologies AS, Oslo, Norway) in U-bottomed 96-well plates with 
complete RPMI media supplemented with 10% human AB+ serum. In 
order to determine the suppressive function of MDSCs subsets, 
autologous Mo-MDSCs were added to the culture at 1:2 ratio (CD4+ T cells: 
MDSCs) and proliferation was determined at day 5 by using flow 
cytometry. Proliferation assays from blood donors were performed five 
times. These same functional assays were also carried out with MDSCs 
from four KTR under calcineurin inhibitor (tacrolimus) and four KTR under 
imTOR treatment (rapamycin) with at least 24 months of IS treatment and 
with MDSCs from two LTRs under calcineurin inhibitor treatment with at 
least 24 months of IS treatment. 
4.7- In vitro expansion of Treg  
PBMC were obtained from KTR under maintenance immunosuppression 
with tacrolimus. CD4+ T cells were sorted from the PBMC as described 
above. CD4+ T cells (5·105) were polyclonally stimulated and cultured with 
Mo-MDSCs at different concentrations. Treg generation was determined 
at day 5 by staining with the monoclonal antibodies indicated above and 
flow cytometry analysis. 
4.8-Whole blood cultures 
Whole blood culture was performed as follows: Fresh blood 
anticoagulated with Lithium-Heparin was diluted 1:4 in GibcoTM 
DMEMF/12 GlutaMAXTM Supplement medium (ThermoFisher Scientific, 
Waltham, Massachusetts, EEUU) containing 100 U/mL penicillin (Lonza) 
and 100 mg/mL streptomycin (Lonza). Cells were stimulated throughout 





cultures with 5 ng/ml recombinant human CSF-1 (rhM-CSF; R&D Systems, 
Wiesbaden- Nordenstadt). To evaluate if Mo-MDSCs can come from 
monocytes in peripheral blood human CD14+ monocytes were isolated 
from Ficoll density gradient centrifugation of PBMC followed by positive-
selection using anti-CD14 microbeads (Miltenyi, Bergisch-Gladbach, 
Germany). Isolated CD14+ monocytes were stained with Cell TrackerTM 
Green CMFDA Dye (ThermoFisher Scientific, Waltham, Massachusetts, 
EEUU) at 2nM and then added back into whole blood cultures at 105 cells/ 
tube (Falcon® 5 mL Round Bottom Polystyrene Test Tube) diluted ¼ in 
GibcoTM DMEMF/12 GlutaMAXTM Supplement medium (ThermoFisher 
Scientific, Waltham, Massachusetts, EEUU) and supplemented with 100 
U/mL penicillin (Lonza), 100 mg/mL streptomycin (Lonza, Basilea, 
Switzerland), and rhM-CSF (R&DSystems, Wiesbaden-Nordenstadt, 
Germany) at 5 ng/mL carried on 0.1% human albumin. Purity of sorted 
cells was tested after isolation and > 95% efficiency was considered 
acceptable for the study. Cells were collected and location was analyzed at 
baseline, 1 and 2 days after culture.  
4.9- Western blot Gel electrophoresis and immunoblotting were 
performed as described elsewhere (153). 
4.10-Statistical analysis  
Non-parametric Mann-Whitney U test and Student´s t test were used to 
compare two independent groups as appropriate. To test if the variables 
followed a Gaussian distribution we performed Kolmogorov Smirnoff test. 
More than two groups were compared using the parametric analysis of 
variance (ANOVA), the non-parametric Kruskal-Wallis not matching or 





Friedman (repeated measures) test. Comparisons between two paired 
groups were performed using the Student´s t-test for paired data or the 
Wilcoxon signed-rank test when data were or not normally distributed, 
respectively. Multiple comparisons were assessed using Dunn or Tukey´s 
tests. To measure the impact of calcineurin and mTOR inhibitors on 
phenotypic changes of MDSCs the interaction between each treatment 
and control was assessed by repeated-measures two-way analysis of 
variance test. Statistical analyses were performed using Graphpad 
software version 8.4.3 (GraphPad Inc. San Diego, CA). To examine the 
relationship between bivariate variables, the Pearson correlation was 































5.1-Phenotypic changes of MDSCs subsets in vitro  
MDSCs were purified from blood donors PBMCs and cultured for 7 days to 
test phenotypic changes in vitro. Cells were collected at 1, 3, 5 and 7 days 
and their phenotype was assessed by flow cytometry. The gating strategy 
and MDSCs phenotyping are described in figure 20. A significant decrease 
in cell viability of total MDSCs was observed during in vitro culture 
(p=0.0051), especially from day 5 (Figure 21 a). At day one, there was a 
predominance of Mo-MDSCs (median 86.86%, IQR 62.87-93.47) 
comparing to PMN-MDSCs (median 10.01%, IQR 1.64-10.71) and e-MDSCs 
(median 4.46%, IQR 2.05-26.02) within total MDCSs. The MDSCs subsets 
were affected by time of culture: while the proportion of Mo-MDSCs cells 
clearly decreased from day 3, the PMN-MDSCs fraction was maintained 
proportionally and most of the cells become double negative (e-MDSCs-



















Figure 20| Characterization of MDSCs subsets by flow cytometry. (a) CD33+ HLA-DR- 
cells were selected from live cells gate after doublets and debris exclusion. To define 
monocytic (Mo-MDSCs), early-stage (e-MDSCs) and polymorphonuclear (PMN-MDSCs) 
MDSCs, the CD14 and CD15 expression was analyzed on cells selected from the total-
MDSCs gate (CD33+HLA-DR-). (b) Expression levels of different antigens (CD11b and 
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Figure 21| Phenotypic changes of MDSCs from healthy donors after in vitro culture. 
CD33+ cells were isolated from PBMCs. MDSCs numbers and percentages were 
assessed by flow cytometry at 0, 1, 3, 5 and 7 days after culture. Percentage of live 
cells on total MDSCs after in vitro culture, comparison of frequency in live cells at 
different timepoints is depicted, * p<0.05, ** p<0.01 (a). Flow cytometry analysis of 
immunophenotypic changes after culture on total MDSCs (top panel, black dots) and 
MDSCs subsets from a representative experiment (b). Mean percentage of MDSCs 
subsets from total-MDSCs after culture is shown for four independent experiments. 
Monocytic-MDSCs (Mo-MDSCs, stripped box), early stage-MDSCs (e-MDSCs, black box) 
and polymorphonuclear-MDSCs (PMN-MDSCs, white box) (c).  
5.2-Impact of calcineurin and mTOR inhibitors on phenotypic changes of 
MDSCs in vitro 
To investigate whether MDSCs differentiation and viability are affected by 
different immunosuppressant drugs of clinical use in transplantation, we 
treated MDSCs in vitro with either CNI or imTOR at different dosages. To 
avoid the bias of cell viability after long periods of culture, we selected 3 
days after culture as the time to test such effect. When we analyzed total 
MDSCs, we found that the highest dose of tacrolimus induced a reduced 
frequency of total MDSCs compared with the highest of rapamycin or 


















respectively (p=0.044 for rapamycin vs tacrolimus, p=0.014 for everolimus 
vs tacrolimus). When comparing differences between each dose 
treatment on MDSC subsets, we found maintained Mo-MDSCs viability 
with imTOR (rapamycin, mean 85.29% SD 12.75 and everolimus, 73.15% 
SD 18.78) whereas viability was reduced under tacrolimus treatment 
(mean 48.85% SD 31.04), but we only found significant differences when 
tacrolimus and rapamycin high doses (50ng/ml) were compared 
(p=0.0041) (Figure 22 b). To reduce variability, results were normalized to 
the drug-free MDSC control. The effect was also observed in PMN-MDSCs 
and e-MDSCs although the differences were not significant. 
 







Figure 22| Effect of immunosuppressants on MDSCs population viability. The 
frequency of total live myeloid-derived suppressor cells (MDSCs) was assessed by 7-
amino-actinomycin D (7AAD) negative staining. MDSCs were treated with different 
doses (ranged 2-50ng/mL) of tacrolimus (open circles), everolimus (black squares) and 
Rapamycin (black triangles) (a). The effect of immunosuppressor agents on different 
MDSCs subsets is shown, monocytic-MDSCs (Mo-MDSCs; bottom left), 
polymorphonuclear-MDSCs (PMN-MDSCs; botton center) and early stage-MDSCs 
(eMDSCs; bottom right) (b).  To reduce inter experiment variability, the results were 
* *






































































































































































normalized to the control drug-free (0 ng/ml=100%) represented with a dotted line in 
each plot. Results are shown for 4 independent experiments. PBMCs, peripheral blood 
mononuclear cells, Mo-MDSCs, monocytic myeloid derived suppressor cells; PMN-
MDSCs, Polymorphonuclear myeloid derived suppressor cells; e-MDSCs, early stage 
myeloid derived suppressor cells.  
5.3- Monitoring MDSCs in kidney transplant recipients  
We hypothesized that MDSCs frequencies might serve as useful 
biomarkers of clinical outcome after kidney transplantation. Therefore, we 
first quantified Mo-MDSCs, PMN-MDSCs, and e-MDSC in peripheral blood 
from KTRs at 0, 180, and 360 days after transplantation (Figure 23, 24, 25, 
26). We found a not significant increase in total MDSCs frequency at 180 
days after transplantation (median, 11.5%; interquartile range (IQR), 6.2–
17.0%) and at 360 days posttransplant (median, 11.2%; IQR, 4.9–17.8%) in 
comparison with patients on the day of transplantation (median, 8.8%; 
IQR, 5.0–16.4%) (Figure 24 a). Next, we examined changes in MDSCs 
subsets distribution after transplantation. Mo-MDSCs frequencies were 
significantly increased at 180 and 360 days posttransplant (median, 
22.71%; IQR, 6.75–57.56% and median, 25.48%; IQR, 8.85–56.58%) in 
comparison to patients on the day of transplantation (median, 10.56%; 
IQR, 3.18–37.55%) (Figure 24 b). PMN-MDSCs and e-MDSCs frequencies 
were lower at 180 days after transplantation (median, 41.71%; IQR, 
12.67–62.79% and median, 5.5%; IQR, 1.9–10.87%) compared to patients 
on the day of transplantation (median, 54.6%; IQR, 29.4–84.95% and 
median, 6.15%; IQR, 3.9–13.5%), and they remained lower 360 days 
posttransplantation (median, 43.14%; IQR, 10.28–63.02% and median, 
4.09%; IQR, 2.11–8.2%) (Figures 24 c, d).The decreases observed in PMN-
MDSCs and e-MDSCs were not significant. Despite these changes, we did 
not find any association between the MDSCs subsets, and the clinical data 





(Figure 27). Importantly, all the KTRs were receiving tacrolimus (Table 3) 















Figure 23| Characterization of MDSCs subsets by flow cytometry. CD33+ HLA-DR-  
myeloid cells were selected from live cells after doublets and debris exclusion. To 
define monocytic (Mo-MDSCs), early-stage (e-MDSCs) and polymorphonuclear (PMN-
MDSCs) MDSCs, the CD14 and CD15 expression was analyzed on cells selected from 
CD33+HLA-DR- MDSCs. Representative flow cytometry data of MDSCs from (a) patients 
on the day of transplantation (day 0); (b) kidney transplant recipients on days 180 and 
(c) 360 post-transplantation is shown.  
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Figure 24| MDSCs frequencies in KTR. (a) Frequencies of total myeloid-derived 
suppressor cells (t-MDSCs) in peripheral blood mononuclear cells (PBMC); (b) 
monocytic-MDSCs (Mo-MDSCs); (c) early stage-MDSCs (eMDSCs) and (d) 
polymorphonuclear MDSCs (PMN-MDSCs) are shown. Differences between groups  
were assessed by Kruskal-Wallis and Mann-Whitney U test. (*p<0.05).  
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Figure 25| MDSCs absolute numbers in KTR. (a) Frequencies of total myeloid derived 
suppressor cells (MDSCs) in peripheral blood mononuclear cells (PBMCs); (b) 
monocytic-MDSCs (Mo-MDSCs); (c) early stage-MDSC (eMDSCs) and (d) 
polymorphonuclear MDSCs (PMN-MDSCs) are shown. Differences between groups 









Figure 26| Comparison of MDSCs subsets: Mo-MDSCs, PMN-MDSCs and e-MDSCs at 
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(b).  Levels of Mo-MDSC 180 days after transplant were significantly increased 
compared to day 0.The central number is the difference (in percent) between the 
means of the two time points (a) and the three time points (b). Differences between 
time points were calculated using the following formula: (mean posTx-mean preTx) / 



















































Figure 27| MDSC frequencies in KTR and clinical events Frequencies of t-MDSCs, 
Mo-MDSCs, PMN-MDSCs, eMDSCs in PBMC were studied and compared with 
clinical events such as (a) rejection (b) acute tubular necrosis (NTA), (c) HLA 
antibodies, (d) number of transplants and (e) basal disease. Differences between 
groups were assessed by Kruskal-Wallis and Mann-Whitney U test. (*p<0.05). The 
number of patients in each group is indicated in table 3.  
 
5.4- MDSCs from Kidney transplant recipients induce the expansion of 
Tregs in vitro  
Treg expansion is one of the main mechanisms by which MDSCs exert 
suppressive function. Hence, we evaluated the capacity of Mo-MDSCs 
from healthy donors and KTR to boost Tregs in vitro. We observed a 
significant increase in the frequency of Tregs recovered from the culture 
when CD4+ T ells were stimulated with Mo-MDSC from cells from KTR at 
e 













Figure 28| Mo-MDSCs from KTR expand Treg in vitro. MDSCs dependent CD4+FoxP3+ 
Treg expansion was analyzed by flow cytometry. Naïve CD4+ T cells co-cultured under 
polyclonal activation with autologous Mo-MDSCs obtained from KTR 360 days after 
transplantation are shown (n=3, paired t-test). 
5.5- MDSCs from tacrolimus treated KTR effectively suppress T cell 
proliferation in vitro 
To evaluate the effect of immunosuppressive regiments on MDSCs 
function we tested the suppressive function Mo-MDSCs obtained from 
healthy controls, tacrolimus and rapamycin treated patients.The T-cell-
suppressive capacity of Mo-MDSCs from healthy controls, tacrolimus, and 
rapamycin-treated KTR was compared using an in vitro assay of 
polyclonally activated T cell proliferation. Sorted Mo-MDSCs were added 
at a 1:2 ratio to autologous CD3/CD28-stimulated CD4+ T cells. Four 
patients under long-term tacrolimus treatment and four patients under 
long-term rapamycin maintenance therapy were analyzed (Figure 29). 
Results indicate that Mo-MDSCs obtained from tacrolimus treated KTR 

















































This suggests that Mo-MDSCs from transplant patients exhibit different 
suppressive function in vitro, according to the immunosuppressive therapy 













Figure 29| Suppressive function of MDSCs. Sorted CD4
+
 T cells were stained with 
carboxyfluorescein-succinimidyl ester (CFSE) and cultured under polyclonal activation 
alone or with autologous Mo-MDSCs. Representative flow cytometry plots of four 
independent experiments with Mo-MDSCs from healthy volunteers; kidney transplant 
patients under tacrolimus treatment and rapamycin are shown. Individual data of 
experiments are displayed in the right plot graphs where stimulated control cells are 
represented as black squares and stimulated cells + Mo-MDSCs are represented as 
black triangles. Differences between groups were assessed by Mann-Whitney test and 















































































































5.6- Rapamycin Inhibits the Function of in vitro Generated Myeloid 
Suppressor Cells 
Following-up our observation of Mo-MDSCs obtained from rapamycin-
treated KTRs, we next investigated the effect of rapamycin on myeloid 
suppressor cells that were generated in vitro from whole blood cultures. 
Using whole blood cultures, we investigated whether CSF1-stimulated 
human monocytes acquire a Mo-MDSCs phenotype in vitro. When 
cultured for 48 h, we observed an increase in Mo-MDSCs frequency in 
whole blood cultures from healthy donors (Figure 30 a, b). Next, we 
investigated the effect of rapamycin on Mo-MDSCs in whole blood 
cultures and observed that rapamycin led to accumulation of Mo-MDSCs 
over 48 h (Figure 30 c). These results suggest that mTOR inhibition 
promotes a Mo-MDSC phenotype. But on the other hand and according to 
our previous results in KTR, we found that rapamycin exposure 
substantially reduced the T-cell suppressive capacity of Mo-MDSCs (Figure 
30 d). It has been previously shown that T cell suppression by human Mo-
MDSCs is in part mediated by the expression of the immunosuppressive 
molecule indoleamine 2,3-dioxygenase (IDO) (121). Our results confirm 
that rapamycin blocked the expression of IDO (Figure 30 e), suggesting 
that the suppressive effect of Mo-MDSCs from rapamycin-treated KTR 
may be compromised due to the impaired expression of IDO.



















Figure 30| Rapamycin prevents the suppressive function of Mo-MDSCs in vitro 
generated. Colony stimulating factor 1 (CSF1) induces a Mo-MDSCs phenotype in vitro. 
(a) CD14+cells were isolated from peripheral blood, labeled with CFDMA and 
cocultured with CSF1 for 2 days. The phenotype was analyzed in CFDMA+cells at day 0, 
1, and 2 after culture. FMO controls were used to define HLA-DR expression (b). Mo-
MDSC frequencies after 48 h in WB cultures treated with or without rapamycin. 
Differences between groups were assessed by pairedt-test (c). Rapamycin-treated 
CSF1-stimulated monocytes are less effective than untreated monocytes in 
suppressing phytohemagglutinin (PHA)-stimulated proliferation of allogeneic human 
CD4+T cells in 1:1 direct cocultures (n= 3) (d). Western Blot analyses indicate that 
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rapamycin-treated CSF1-derived CD33+HLA-DR−/low myeloid cells prevents the 
expression of IDO (e).  
5.7-Monitoring MDSCs in Lung Transplant Patients 
To evaluate the changes on MDSCs subsets after transplant we quantified 
total MDSC and MDSC subsets: Mo-MDSCs, PMN-MDSCs and e-MDSCs in 
peripheral blood from end-stage lung disease (ESLD) and lung transplant 
recipients (figures 31, 32, 33, 34, 35). 
 
Figure 31| Characterization of MDSCs subsets by flow cytometry. CD33+ HLA-DR-  
myeloid cells were selected from live cells after doublets and debris exclusion. To 





define monocytic (Mo-MDSCs), early-stage (e-MDSCs) and polymorphonuclear (PMN-
MDSCs) MDSCs, the CD14 and CD15 expression was analyzed on cells selected from 
CD33+HLA-DR- MDSC. Representative flow cytometry data of MDSC from (a) patients 
on the day of transplantation (day 0); lung transplant recipients on days (b) 7, (c) 21, 
(d)  90, (e) 180 and (f) 360 post-transplantation are shown.The % subsets calculated 
from total MDSC.  
When we compared MDSCs frequencies from ESLD and healthy controls 
(HC) matched by sex and age, no significant differences were observed. 
We found total MDSCs frequencies from ESLD patients and short-term 
after transplantation remain at baseline levels but they are increased 90 
days after transplantation up to a year follow up (ESLD: median 8.49% IQR 
4.05%-21.05%; 90 days after transplantation: median 18.21%, IQR 12.41%-
33.60%; 180 days after transplantation: median 22.29, IQR 12.83%-
30.21%; 360 days after transplantation: median 22.25% IQR 11.06%-
39.14%) (p=0.0002, p<0.0001, p<0.0001, figure 32 a; paired tests in figures 
33 a and 34 a). 
Likewise, we next examined changes in MDSCs subsets distribution after 
transplantation. The analysis of Mo-MDSCs frequencies showed 
percentages increased promptly after transplantation and decreased 
gradually, recovering the basal levels during the time course follow up. (7 
days post transplantation median 61.16% IQR 34.12%-79.39% vs ESLD 
median 26.45%, IQR 4.96%-67.41%; 90 days after transplantation median 
13.56% IQR 5.41%-34.47%; 180 days median 12.63% IQR 5.22%-31.02%; 
360 days median 15.27%, IQR 6.26%-33.39%) (p=0.0002, p<0.0001 and 
p<0.0001, p<0.0001, figure 32 b; paired tests in figures 33 b and 34 b). 
On the contrary, PMN-MDSCs frequencies on the short-term after 
transplantation were significantly lower up to 90 days; then they remain 
increased during the time course follow up (7 days after transplantation: 





median 29.03%; IQR 12.22%-49.03% vs 90 days: median 69.95% IQR 
39.99%-81.04% and 180 days: median 58.28% IQR 33.93%-81.47%; p< 
0.0001 p=0.0007, figure 32 c). 21 days: median 26.19% IQR 11.95%-
45.58% vs 90 days, 180 days and 360 days: median 59.38% IQR 22.34%-
73.13% (p<0.0001, p<0.0001, p=0.0184, figure 32 c; paired tests in figure 
33 c and 34 c).  
Lastly, the effect of transplantation on e-MDSCs frequencies was 
calculated as well. We observed e-MDSCs basal levels are low at baseline 
and post transplant compared to PMN-MDSCs and Mo-MDSCs. 
Nevertheless, 21 days after transplantation there is a increase (median 
7.742%; IQR 2.5%-19.63%) compared to pre transplant levels (median 
3.92%; IQR 1.35%-8.06%) and 7 (median 2.04%; IQR 0.84%-3.93% 
(p=0.0375, p<0.0001, figure 32 d; paired tests in figures 33 d and 34 d). 








Figure 32| MDSCs frequencies in LTR. (a) The percentajes of total myeloid-derived 
suppressor cells (MDSCs) in peripheral blood mononuclear cells (PBMC); (b) 
monocytic-MDSC (Mo-MDSCs); (c) early stage-MDSC (eMDSCs) and (d) 





polymorphonuclear MDSC (PMN-MDSCs) were determined using flow cytometry. 
Differences between groups were assessed by Kruskal-Wallis and Mann-Whitney U 
test. (****  and p<0.0001). % of Subsets was calculated from total MDSCs. 
 
 
Figure 33| Comparison of MDSCs subsets Paired analysis of (a) t-MDSCs, (b) Mo-
MDSCs, (c) PMN-MDSCs and (d) e-MDSCs at day 0 and 7 days after transplant, at day 7 
and day 21, at day 21 and 90, at day 90 and 180and 180 and 360. Levels of Mo-MDSCs 
7 days after transplant were significantly increased compared to day 0 (b). Levels of t-
MDSCs, Mo-MDSCs and PMN-MDSCs 21 days after transplant were significantly 
decreased compared to day 7 (a, b, c). Levels of t-MDSCs, PMN-MDSCs 90 days after 
transplant were significantly increased compared to day 21 (a, c) while Mo-MDSCs and  
e-MDSCs levels were significantly decreased (b, d). The central number is the 
difference (in percent) between the means of the two time points. Differences 
between time points were calculated using the following formula: (median posTx-
median preTx) / median preTx. 
  



























Figure 34| MDSCs subsets frequencies changes compared to pre-lung transplant levels t-
MDSCs (a), Mo-MDSCs (b), PMN-MDSCs (c), and e-MDSCs (d) at day 0 and 7; 0 and 21; 0 
and 90; 0 and 180; 0 and 360 days after lung transplantation. t-MDSCs frequency 7 days 
after transplant significantly decreased 21 days post transplantatation; after that, 
percentages increased 3 months after transplantation up to a year (a). Mo-MDSCs 
percentages increased promptly after transplantation and decreased 3, 6 and 12 months 
after transplantation (b). Levels of PMN-MDSCs significantly increased 3 and 6 months post-
transplantation (c). e-MDSCs significantly decrease 7, 21 and 360 days post-transplantation 
compared to pre-transplant levels (d). The central number is the difference (in percent) 
between the median of the two time points. Differences between time points were 
calculated using the following formula: (median posTx-median preTx) / median preTx.  
 
The absolute numbers of MDSCs subsets before and after transplantation 





















Figure 35| MDSCs absolute numbers in LTR. (a) Frequencies of total myeloid-derived 
suppressor cells (MDSCs) in peripheral blood mononuclear cells (PBMCs); (b) 
monocytic-MDSCs (Mo-MDSCs); (c) polymorphonuclear MDSCs (PMN-MDSCs) and (d) 
early stage-MDSC (eMDSCs) are shown. Differences between groups were assessed by 
Kruskal-Wallis and Mann-Whitney U test. (*p<0.05). **p<0.01 ***p<0.001 **** 
p<0.0001. 
5.8- MDSCs from Tacrolimus treated LTR effectively suppress T cell 
proliferation in vitro  
Since MDSCs need to be defined upon demonstration of their suppressive 
function due to the lack of specific markers, we assesed the cell-
suppressive capacity of MDSCs from healthy controls and tacrolimus 
treated LTR. Moreover, as LTR were under Tacrolimus treatment, it is 
important to check the effect of the immunosuppressive treatment on 
MDSCs.  
 b  
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The suppressive capacity of Mo-MDSCs was analysed using an in vitro 
assay of polyclonally-activated T cell proliferation. Sorted Mo-MDSCs were 
added at a 1:2 ratio to autologous CD3/CD28-stimulated CD4+ T cells. Two 
patients under long-term tacrolimus treatment and four healthy controls 
were tested (Figure 36). Results indicate that Mo-MDSCs obtained from 
tacrolimus treated LTR were significantly more suppressive in comparison 
with HC. This suggests that Mo-MDSCs from transplant patients exhibit 
potent suppressive function in vitro despite the fact that they are under 
immunosuppressive therapy. 
Figure 36| Suppressive function of MDSCs. Sorted CD4 + T cells were stained with 
carboxyfluorescein-succinimidyl ester (CFSE) and cultured under polyclonal activation 
alone or with autologous monocytic-myeloid-derived suppressor cells (Mo-MDSCs). 
Representative flow cytometry plots of two independent experiments with Mo-MDSCs 
from two healthy volunteers and two lung transplant recipients under tacrolimus 
treatment are shown.   





5.9- MDSCs and clinical events in LTR 
Following-up our objectives, to evaluate if MDSCs can play a main role in 
the balance between graft acceptance and rejection, we next examined 
the effect of MDSCs subsets frequency on clinical events. In our cohort, we 
found no association between MDSCs levels and ACR. On the other hand, 
we observed and inmediate increased of Mo-MDSCs post ACR (90 days 
postransplant ACR: n=23, median 22.58 IQR 8.96- 83.74; No ACR : n=44, 
median 10.63 IQR 5.15-20.63) (p=0.0336) and 180 days post-transplant: 
ACR: n=23, median 17.8 IQR 6.82- 46.28; No ACR n=36, median 8.6 IQR 
4.53-20.02) (p=0.0342) (Figure 37). Whether this effect is a consequence 
of the rejection itself or it is produced by the treatment, remains 
unknown. We found no differences when we studied MDSCs subsets from 
patients previously sensitized,, primary graft disfunction (PGD), and base 
disease (Figure 38). In contrast with one of our prior hypothesis, no 
correlation was observed when we studied tacrolimus levels in peripheral 
blood and MDSC frequencies.  
 
  





Figure 37| MDSCs and clinical data in ACR in LTR.  90 and 180 days post-transplant 
Mo-MDSCs percentages were lower in patients who do not reject (n=44, n=36) 
compared to those who reject (n=23, n=23). Box represents median and 25th and 75th 
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Figure 38| MDSCs frequencies in LTR and clinical events Frequencies of t-MDSCs, 
Mo-MDSCs, PMN-MDSCs, eMDSCs in PBMC were studied and compared with 
clinical events such as (a) rejection (b) primary graft dysfunction (PGD), (c) basal 
disease, (d) HLA antibodies. Differences between groups were assessed by Kruskal-
Wallis and Mann-Whitney U test (*p<0.05).  
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As we mentioned before, MDSCs markers are not exclusively expressed by 
them; assays of human MDSC function are difficult to implement and it is 
unclear to what extent HLA-DR expression is influenced by standard 
immunosuppression. For this reasons, during my stay in the 
immunomonitoring laboratory (Hospital Klinikum, Regensburg, Germany) 
we implement new flow cytometry panels allowing to check a wide range 
of fuctional and phenotypic markers from peripheral blood. 
5.10- Panel 1: Detection of Mo-MDSCs, PMN-MDSCs and e-MDSCs in 
whole blood samples 
We first designed a flow cytometry assay for rapid and reproducible 
detection of MDSCs subsets in small volumes of human peripheral blood. 
This assay relies on conventional phenotypic definitions of human Mo-
MDSCs (CD45+ Lin- CD33+ CD11b+ HLA-DR-/low CD14+ CD15-), PMN-MDSCs 
(CD45+ Lin- CD33+ CD11b+ HLA-DR-/low CD14-/low CD15+ LOX1+) and e-
MDSCs (CD45+ Lin- CD33+ CD11b+ HLA-DR-/low CD14-/low CD15- CD124+). 
Monoclonal antibodies (mAb) against the specified antigens were selected 
according to regulatory status (with a preference for CE-labeled reagents) 
and availability of suitable fluorochrome conjugates (Table 5). We 
adopted a convenient and highly standardisable whole blood staining 
method for detecting extracellular antigens, which is widely used for other 
human immune monitoring panels. mAbs were titrated to determine 
optimal staining conditions. Figure 39 shows our recommended gating 
strategy.  
 














Figure 39| Characterization of MDSCs subsets by flow cytometry. Gating strategy for 
the identification of MDSCs from peripheral blood. CD33+ Lin-  myeloid cells were 
selected from CD45+ cells after doublets and debris exclusion. FMO controls were used 
to define HLA-DR expression.To define monocytic (Mo-MDSCs), early-stage (e-MDSCs) 
and polymorphonuclear (PMN-MDSCs) MDSCs, the CD14 and CD15 expression was 
analyzed on cells selected from CD33+ Lin-HLA-DR- MDSC. Representative flow 
cytometry data of MDSC from a melanoma patient is shown.  
5.11- Panel 2: Relative quantification of phospho-mTOR and phospho-S6 
in Mo-MDSCs 
Ribechini and colleagues (121) previously reported that Mo-MDSCs 
originate from peripheral blood monocytes through an mTOR-dependent 
pathway initiated by GM-CSF receptor signaling.  
This mechanism appears to rely upon post-transcriptional stabililisation of 
IDO expression through phosphophorylation of S6, which is a downstream 















































from rapamycin-treated kidney transplant were less suppressive than 
MDSC from tacrolimus-treated transplant recipients or healthy individuals. 
We further showed that rapamycin, an mTOR-inhibition, abrogates the 
suppressive potential of Mo-MDSCs in vitro by preventing IDO induction 
Therefore, we next developed a standardised assay to monitor phospho-
mTOR, phospho-S6, IRF1 and IDO expression by human Mo-MDSCs in 
peripheral blood samples. In this assay, Mo-MDSCs were defined as CD45+ 
Lin- CD33+ HLA-DR-/low CD14+ CD15-/low cells. mAb against the specified 
antigens were selected according to regulatory status (with a preference 
for CE-labeled reagents) and availability of suitable fluorochrome 
conjugates. We introduced a standardisable method for detecting 
phosphorylated intracellular antigens in whole blood samples, which also 
allows for reliable detection of cytoplasmic proteins, such as IDO, and 
nuclear antigens, such as IRF1. mAbs were titrated to determine optimal 


























Figure 40| Relative quantification of phospho-mTOR, phospho-S6, IRF-1 and IDO in 
Mo-MDSCs. Mo-MDSCs were defined as CD45+ Lin- CD33+ HLA-DR-/low CD14+ CD15-/low 
















































5.12- Panel 3: Assessment of IFN-γ-inducible IDO expression in Mo-
MDSCs 
Circulating Mo-MDSCs do not generally express detectable levels of IDO, 
but is expression is readily induced by proinflammatory factors, including 
IFN-γ. The capacity of Mo-MDSCs to inducibly express IDO is a useful 
surrogate marker of their suppressive function. Therefore, we developed a 
convenient assay for inducible IDO expression based on a whole blood 
culture method and intracellular staining of Mo-MDSCs for analysis by 
flow cytometry. This panel identifies Mo-MDSCs as CD45+ Lin- CD33+ 
CD11b+ HLA-DR-/low CD14+ CD15-/low cells and enables us to quantify 
expression of IRF1 and IDO. mAb against the specified antigens were 
selected according to regulatory status (with a preference for CE-labeled 
reagents) and availability of suitable fluorochrome conjugates (Table 5, 






Figure 41| Assessment of INF-γ-inducible IDO expression in Mo-MDSCs. Whole blood 
was treated with INF for 24 hours. Mo-MDSCs were defined as CD45+ Lin- CD33+ HLA-



















































5.13- Panel 4: Markers of human Mo-MDSCs unaffected by 
glucocorticoid treatment  
To assess whether down-regulation of HLA-DR might affect our ability to 
discriminate between monocytes and Mo-MDSCs, isolated CD14+ 
monocytes were stimulated in culture for 24 h or 48 h with 
dexamethasone over a wide range of concentrations. We observed a 
rapid, dose-dependent reduction in HLA-DR expression levels in 
monocytes (Figure 43 a). We and others previously reported increased 
Mo-MDSCs frequencies during the early post-transplant period that later 
subside to baseline values. Solid organ transplant recipients are typically 
treated with high-dose glucocorticoids immediate after transplantation 
and then tapered over 8 - 12 weeks to maintenance doses or a steroid-
sparing regimen. Hence, post transplant changes in Mo-MDSCs frequency 
might simply reflect changes in glucorticoid treatment, not a biological 
response to the allograft.  
To identify Mo-MDSCs markers unaffected by glucocorticoid exposure, we 
next screened 100 cell surface antigens for differential expression in Mo-
MDSCs versus CD14+ monocytes from patients with advanced melanoma 
(figure 42).  
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Figure 42| More than 100 cell surface antigens screened for differential expression in 
Mo-MDSC versus CD14+ monocytes from patients with advanced melanoma. 
We observed that CD35 (CR1) and CD326 (Ep-CAM) were more highly 
expressed in HLA-DR-/low Mo-MDSCs than HLA-DR+ monocytes (Figure 43 
b). We next examined the stability of CD35 and CD326 expression in 
glucocorticoid-treated monocytes from healthy volunteers. Expression of 
CD326 increased in a dose-dependent fashion in response to 
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Figure 43| Mo-MDSCs markers unaffected by glucocorticoid exposure. (a) Isolated 
CD14+ monocytes were stimulated in culture for 48 h with dexamethasone over a wide 
range of concentrations. HLA-DR expression disminished after dexamethasone 
treatment. (b) CD35 (CR1) and CD326 (Ep-CAM) were more highly expressed in HLA-
DR-/low Mo-MDSC than HLA-DR+ monocytes. (c) Stability of CD35 and CD326 expression 
in glucocorticoid-treated monocytes from healthy volunteers.  
To test our new definition of human Mo-MDSCs based on CD35 
expression, we isolated CD35high Mo-MDSCs cells obtained from healthy 
donors by FACS sorting. Sorted Mo-MDSCs CD35
 high
 were added at a 1:2 
ratio to autologous CD3/CD28-stimulated CD4+ T cells. Results indicate 
that Mo-MDSCs CD35
 high
cells were more suppressive in comparison with 
CD35
low






Figure 44| Suppressive function of MDSCs CD35
 high
. Sorted CD4 + T cells were stained 
with CFSE and cultured under polyclonal activation alone or with autologous Mo-
MDSCs CD35+ or CD35-monocytes. Representative flow cytometry plots of one 






























































MDSCs represent a varied group of myeloid regulatory cells that were 
originally studied in cancer (154,155). In transplantation the MDSCs are 
able to suppress adaptive and innate immune responses and they have 
been suggested as potential biomarkers for allograft tolerance as they can 
play a main role in the balance between graft acceptance and 
rejection(156,157). The earliest study of MDSCs in a kidney 
transplantation rat model indicated that MDSCs had no antigen-specific 
immunosuppressive function in vivo and in vitro (158). Results found by 
Dilek et al. showed that MDSCs contributed to establish a graft-to-
periphery CCL5 gradient in tolerant kidney allograft recipients, which 
controlled the recruitment of Tregs to the graft (159). As most of the 
published studies were performed in animal models, there is a paucity of 
data addressing MDSCs features and their role in human transplantation. 
Grützner et al. (160) analyzed the impact of short time storage of PBMC 
before analyses of MDSCs. Their results show the first 4 hours after blood 
sampling as ideal time point for analysis of Mo-MDSCs, but allowing 
processing of PMN-MDSCs within the same day. Our results show a 
reduction in cell viability increasing with time of culture compared to 
baseline. We also found a predominance of Mo-MDSCs at day one of 
culture, a decrease in the proportion of Mo-MDSCs cells from day 3 and 
most of cells become double negative with time of culture. These results 
suggest MDSCs subsets phenotype is affected with time of culture and the 
analisis of the phenotype could be biased after day 3 of culture.  
 





To date, there is special interest on the effect of immunosuppressants on 
T cell subsets in transplantation (161) and understanding the effect of 
immunosuppressive drugs on MDSCs in transplantation might be 
important to develop strategies to promote tolerance. It has been 
previously reported that the number of splenic MDSCs decrease 
significantly in a dose-dependent manner by calcineurin inhibition (162). 
Acording to these data, our results showed that in vitro administration of 
imTOR maintains total MDSCs and Mo-MDSCs in culture, but high doses of 
tacrolimus negatively affect the number of total MDSCs and Mo-MDSCs. 
When we monitorized MDSCs from peripheral blood in KTR, we found that 
absolute numbers of circulating total MDSCs were increased in KTR and in 
the short-term after transplantation, whereas they declined to baseline 
levels one year after transplantation. We also observed an increase in Mo-
MDSCs frequencies in the short-term after transplantation and 1 year 
after transplantation. Luan et at., found that the overall MDSCs 
frequencies were elevated at 3, 6 and 12 months post-transplant (163). 
Utrero-Rico et al., observed Mo-MDSCs cells counts rapidly increase after 
kidney transplantation and remain high one year after transplantation 
(164). Hock et al. showed that renal transplant recipients (RTR) had 
elevated frequencies of circulating MDSCs (129), but they further found 
MDSCs numbers had returned to normal levels 12 months post-
transplantation (165) . However, in their previous study long-term KTR, 
elevated MDSCs numbers were detected in the majority of patients, 
suggesting that MDSCs expand in the long-term, as the graft acceptance 
progresses. These observational studies suggest that MDSCs numbers 
increase rapidly after transplantation and peak following 





immunosuppressive therapy. Moreover, analysis of the changes in MDSCs 
obtained from donors, provided strong evidence that the changes 
occurring in RTRs were likely due to the immunosuppressive regimens 
rather than the acute inflammation from surgery itself (165). Although 
Mo-MDSCs phenotype seems to be influenced by standard 
immunosuppression, whether MDSCs subsets are differentially regulated 
by local conditions or treatments require further investigations. 
Studies developed in mice suggest that MDSCs have an important role to 
induce Tregs after transplantation (166,167), but their role in human 
transplantation is under investigation. In KTR, Luan et al., observed that 
CD33+ CD11b+ HLA-DR− MDSC are capable of expanding Treg, and they 
correlate with Treg increases in vivo (163). Consistent with this view, 
Meng et al., (168) found that MDSCs isolated from transplant recipients 
were also able to expand regulatory T cells and were associated with 
longer allograft survival. Okano S et al. also found a positive correlation 
between MDSCs and Treg in intestinal transplant patients and we report 
here an increase in Treg expansion after Mo-MDSCs co-culture. However, 
there was no significant linear association between MDSCs and Treg 
percentages when we examined the relationship between MDSCs subsets 
and CD4+CD25+Foxp3+ Treg in vivo.  
Due to the lack of unique phenotypic markers functional studies have to 
be performed to identify MDSCs subsets (141). We tested the suppressive 
capacity of MDSCs from KTR under calcineurin (tacrolimus) or mTOR 
(rapamycin) inhibition after 360 days of immunosuppressant maintenance 
therapies. Our results demonstrate that MDSCs from healthy donors 
display marginal suppression of polyclonal T CD4+ responses compared to 





Mo-MDSCs from KTR under tacrolimus treatment, that exhibit potent 
suppressive function. Similarly, previous data showed that 
CD11b+CD33+HLA-DR- myeloid cells from human KTR inhibit T cell 
proliferation but no inhibition was found when CD11b+CD33+HLA-DR- cells 
were obtained from healthy donors (163). Moreover, we observed that 
Mo-MDSCs from KTR under tacrolimus treatment had increased 
suppressive activity compared to rapamycin and this immune inhibitory 
function may be related to the upregulation of iNOS (169). 
Previous studies demonstrated that expression of FK binding protein FKBP 
in Mo-MDSCs and PMN-MDSCs from tumor-bearing mice is increased and 
regulates their suppressive function (170). On the other hand, rapamycin 
downregulates iNOS expression in MDSCs and the suppressive activity and 
MDSCs numbers are significantly reduced after rapamycin treatment in an 
allogeneic skin transplant model (171). Ribechini et al., showed that IDO 
protein expression and suppressor function of human suppressor 
monocytes was also impaired by rapamycin treatment (121). Our results 
are consistent with this hypothesis and we attribute loss of suppressive 
function to diminished IDO expression in rapamycin-exposed Mo-MDSCs.  
However, other studies demonstrated that rapamycin prolongs cardiac 
allograft survival through the enhancement of MDSCs migration and 
suppressive activity (172). Chen X et al. showed that mTOR signaling is a 
negative determinant of MDSCs function in immune-mediated hepatic 
injury (IMH) diseases. In the context of IMH, the blocking of mTOR with 
rapamycin or mTOR-deficient CD11b+Gr1+ MDSCs mediated the protection 
against IMH (173). Another study addressing the murine MDSCs response 
to acute kidney injury demonstrated that MDSCs reduced the injury and 





the effect was potentiated by MDSCs induction and enhancement of the 
immunosuppressive activity promoted by mTOR (174).  
More recently, a previously unrecognized mechanistic pathway associated 
with organ rejection identifies the expression of mTOR by graft infiltrating 
macrophages at the center of epigenetic and metabolic changes that 
correlate with graft loss (175). This novel functional mechanism involves 
non-permanent reprogramming of macrophages and has been termed 
“trained immunity” (176). Therefore, it seems that, while mTOR inhibition 
may prevent trained immunity and inflammatory pathways in myeloid 
cells (177,178) it may also interfere with tolerogenic programing and the 
ability of myeloid cells to expand Treg and suppress T cell mediated 
immune responses. This dual effect of mTOR inhibition (immunogenic vs 
tolerogenic) and the resulting dominant pathway in vivo is likely to 
determine the outcome of the transplanted organ. Taken together, the 
effects of distinct immunosuppressive drugs on MDSCs development and 
function need to be better characterized in KTR. 
The mechanisms by which MDSCs mediate Treg generation have not been 
well established. In some tumor-bearing animal models it has been 
demonstrated that the microenvironment modulates differentially 
myeloid cell development and function (179). Therefore, an important 
limitation in the study of MDSCs in KTR at this point is that in vitro assays 
performed in peripheral blood could not replicate the features of graft 
environment. Due to the number of patients included in this project and 
the short term follow-up, the impact of clinical events such as rejection on 
MDSCs can not be well established.  





Although some studies about MDSCs in human organ transplantation have 
been reported and previously mentioned (163–165,168,180) this is the 
first study concerning the monitoring of MDSCs in human LTR. In the 
current project, MDSCs frequencies in 82 LTR were analysed at multiple 
time points over the first year after transplantation.  
We found that percentages of total MDSCs were increased in LTR 3 
months after transplantation up to a year. When we studied the effect of 
transplantation on MDSCs subsets in our cohort, Mo-MDSCs percentages 
increased promptly after transplantation and decreased gradually during 
the timecourse follow up. On the contrary, PMN-MDSCs percentages 
decrease in the short term after trasplantation, and increase during the 
follow up although no changes compared to pre-transplant levels were 
observed. Compared to pre-transplant levels, e-MDSCs percentages were 
significantly increased at 7 days, 21days and 360 days. We obtained 
similar results when we calculated MDSCs absolute numbers.  
Our previous data indicate that Mo-MDSCs increase in KTR at 6 months 
and 12 months post-transplantation (181). Consistently with our results, 
Luan et at. reported that the overall MDSCs frequencies were elevated at 
3, 6 and 12 months post-transplant (163). Utrero-Rico et al., observed Mo-
MDSCs cells counts rapidly increase after kidney transplantation an remain 
high one year after transplantation(164). Hock et al. showed that renal 
transplant recipients (RTR) had elevated frequencies of circulating MDSCs 
(129), but they further found MDSC numbers had returned to normal 
levels 12 months post-transplantation (165). All of these observational 
studies suggest that MDSCs numbers increase rapidly after transplantation 
and peak following immunosuppressive therapy and such kinetics seems 





to be equivalent in both KTR and LTR.  
The release of neutrophils from the bone marrow in response to 
glucocorticoids is well established (182) and it has been reported that 
glucocorticoids can induce anti-inflammatory monocytes resembling 
MDSCs (183,184). In previous experiments from our group we observed a 
dose-dependent reduction in HLA-DR expression levels in monocytes after 
dexamethasone exposition, monocytes were phenotypically 
indistinguishable from Mo-MDSCs, then we hypothesize that 
corticosteroids are increasing Mo-MDSCs populations in peripheral blood 
immediately after transplantation. However, in our study, PMN-MDSCs 
and e-MDSCs that increase 3 months after transplantation, do not seem to 
be affected by corticosteroids and the increase suggests that MDSCs are 
not affected by the tacrolimus-based maintenance therapy. 
In our previous experiments we tested the suppressive capacity of MDSCs 
from KTR under calcineurin (tacrolimus) or mTOR (rapamycin) inhibition at 
360 days of immunosuppressant maintenance and we observed that 
tacrolimus, but not rapamycin treated KTR, was able to inhibit CD4+ T cell 
proliferation in vitro (181). Calcineurin inhibitors are potent 
immunosuppressive drugs used in lung transplantation to block the 
immune response; hence, understanding their effect on MDSCs is 
important to develop strategies to promote tolerance in transplantation. 
Here we report the suppressive capacity of MDSC from Tacrolimus treated 
LTR is increased compared to the suppressive results when 
CD14+CD11b+CD33+HLA-DR- cells were obtained from healthy donors. 
Heigl et al, characterized MDSCs in lung transplant recipients to assess if 
MDSCs can serve as a potential new research target in the field (185) . 





They observed that G-MDSCs obtained from LTR were functionally 
suppressive and showed a modest correlation with increasing CNI trough 
levels, a previously reported phenomenon (169,186). Previous studies 
demonstrated that expression of FK binding protein FKBP in Mo-MDSCs 
and PMN-MDSCs from tumor-bearing mice is increased and regulates their 
suppressive function (170). 
These results taken together indicate that MDSCs activity and numbers 
are modulated by immunossupressive treatments, such as CNI. In 
contrast, MDSCs percentages in our study were not related to 
immunosuppressant levels in peripheral blood. As our cohort of LTR was 
under the same immunosuppressive regimen, potential differences 
between treatments, with respect to their effect on MDSC frequency or 
function can not be determined. 
When we evaluated the effect of MDSCs subsets on clinical events no 
effect of MDSCs subsets on short-term clinical events in LTR was observed. 
In contrast with previous reports (164,168), we observed that 90 and 180 
days post-transplant Mo-MDSCs frequencies were higher after acute 
cellular rejection (ACR), suggesting a possible role for Mo-MDSCs in the 
development of chronic lung allograft dysfunction (CLAD). In the same 
way, reduced MDSCs numbers have been found in intestinal transplant 
recipients with acute cellular rejection (187).  
Similarly to our previous results when Mo-MDSCs were treated with 
dexamethasone, Okano et al. reported on day 3 after MP-pulse treatment 
for ACR in an ITx (Intestinal Trasplant) patient, the number of MDSCs in 
PBMCs increased to 6 times the levels observed before treatment. 





Interestingly, In a long term retrospective study, patients with more than 
10-year functional, stable kidney grafts and low doses of 
immunosuppression, Mo-MDSCs were significantly superior than in short-
term renal recipients, and Mo-MDSCs levels correlated with survival rates 
(188). Therefore, the use of glucocorticoid drugs to maintain 
immunosuppression and treat ACR may drive MDSCs accumulation in 
patients following transplantation and whether MDSCs subsets play a role 
as biomarkers of chronic rejection or not, remains unknown and require 
further investigations. 
Hoffman et al. monitored HLA-DR expression weekly after transplantation 
in 13 pediatric lung transplant recipients (LRT) (189). Six out of seven 
patients who developed post-transplant pneumonia demonstrated lack of 
monocyte HLA-DR expression within the first two weeks of monitoring and 
those who developed pneumonia had lower monocyte HLA-DR expression 
over the four-week study period than those who remained infection-free. 
The authors propose that monitoring HLA-DR expression in monocytes 
may be useful to identify risk of infection and stratifying patients into 
higher and lower risk groups. Alingrin et al. assessed the influence of early 
post-operative sepsis on T cell and monocyte reconstitution in anti-
thymocyte globulin (ATG)-treated lung transplant recipients. Peripheral 
blood T-lymphocytes counts and monocyte HLA-DR (mHLA-DR) expression 
within 60 days post-transplant were analyzed. The authors found that 
sepsis is negatively correlated with the HLA-DR expression in monocytes 
(190). These findings taken together highlight the importance of 
immunomonitoring after lung transplantation. Deshane et al. found high 
numbers of CD11b+ CD14+ CD16− HLA-DR− NO-producing myeloid derived 





regulatory cells, in the airways of patients with asthma but not in patients 
with chronic obstructive pulmonary disease (COPD) or in healthy control 
subjects (191). On the other hand Scrimini et al. observed elevated levels 
of circulating-lineage HLA-DR− CD33+ CD11b+ MDSCs in patients with COPD 
(192). Other researchers demonstrated that CCR2+ M-MDSCs inhibit 
collagen degradation and promote lung fibrosis by producing transforming 
growth factor-β1 (TGF-β1) (193). The number of circulating activated 
MDSCs was found to be significantly increased in patients with pulmonary 
hypertension (PH) compared to control subjects, and was correlated with 
an increase in mean pulmonary artery pressure (194). Sharma et al., 
described the association of distinct MDSCs sub-populations with the lung 
microbiome in LTRs. Their results suggested a functional link between the 
local microbiome and MDSC phenotype, which may play a role in the 
pathogenesis of BOS (195).  
As it was mentioned before, MDSCs markers are not exclusively expressed 
by them; assays of human MDSCs function are difficult to implement and 
it is unclear to what extent HLA-DR expression is influenced by standard 
immunosuppression. For this reasons, during my stay in the 
immunomonitoring laboratory ( Hospital Klinikum, Regensburg, Germany) 
we implement new flow cytometry panels allowing to check a wide range 
of fuctional and phenotypic markers from peripheral blood.Human MDSCs 
in peripheral blood have been classified by the experts into three main 
subsets previously studied in this project: Mo-MDSCs, PMN-MDSCs (134) 
and a population lacking both differentiation surface markers classified as 
early-stage MDSCs. CD33 marker can be used instead of CD11b since very 
few CD15+ cells are CD11b-.While Mo-MDSCs are CD33+, PMN-MDSCs are 





CD33dim (135). We first designed a flow cytometry assay for rapid and 
reproducible detection of MDSCs subsets in small volumes of human 
peripheral blood. This assay relies on conventional phenotypic definitions 
of human Mo-MDSCs. 
At the present time, the technique allowing for separation of neutrophils 
from PMN-MDSCs is Ficoll gradient regularly used for the isolation of 
mononuclear cells. Low-density fraction contains PMN-MDSCs and 
activated neutrophils. Therefore, CD11b+CD14-CD15+/CD66+ cells in low-
density fraction contain both PMN-MDSCs and neutrophils(134). As PMN-
MDSCs share expression markers with mature neutrophils it is not clear 
whether they are different cell types whether one cell type that can 
functionally polarize depending on environmental conditions (196). 
Therefore, to appropriate characterize PMN-MDSCs, functional analysis of 
these cells is required.  However, when we isolated PMN-MDSCs from KTR 
we were not able to demonstrate consistently their suppressive capacity 
in vitro.  
Human MDSCs exert their T cell suppressive actions through a wide 
variety of mechanisms, including production of anti-inflammatory 
cytokines and up-regulation of immune-regulatory molecules, including 
arginase 1 (Arg1) and indoleamine 2,3-dioxygenase (IDO) (148). As it was 
previously shown in this proyect, rapamycin, abrogates the suppressive 
potential of Mo-MDSCs in vitro by preventing IDO induction. Therefore, 
we next developed a standardised assay to monitor phospho-mTOR, 
phospho-S6, IRF1 and IDO expression by human Mo-MDSCs in peripheral 
blood samples. Circulating Mo-MDSCs do not generally express detectable 
levels of IDO, but is expression is readily induced by proinflammatory 





factors, including IFN-γ. The capacity of Mo-MDSCs to inducibly express 
IDO is a useful surrogate marker of their suppressive function. Therefore, 
we developed an assay for inducible IDO expression in Mo-MDSCs by flow 
cytometry.  
Moreover conventional phenotyping of human Mo-MDSCs subsets mainly 
relies upon HLA-DR expression; however, it is unclear to what extent HLA-
DR expression is influenced by standard immunosuppression, especially 
glucocorticoids. The release of neutrophils from the bone marrow in 
response to glucocorticoids is well established (183) and it has been 
reported that glucocorticoids can induce anti-inflammatory monocytes 
resembling MDSCs (184,197). In culture, we observed a rapid, dose-
dependent reduction in HLA-DR expression levels in monocytes after 
dexamethasone exposition, monocytes were phenotypically 
indistinguishable from Mo-MDSCs. To identify Mo-MDSCs markers 
unaffected by glucocorticoid exposure, we screened cell surface markers 
for differential expression in Mo-MDSCs versus CD14+ monocytes and we 
observed that CD35 (CR1) and CD326 (Ep-CAM) were more highly 
expressed in HLA-DR-/low Mo-MDSCs than in HLA-DR+ monocytes and CD35 
expression was not affected by dexamethasone. CD35 is a receptor for 
complement components C3b and C4b. We previously identified 
Complement 5a Receptor 1 (C5aR1; CD88) as a marker of non-classical 
human monocyte subpopulation that is a likely precursor of allograft-
infiltrating regulatory macrophages (Mregs). Expression of C5aR1 and 
CCR2 (CD192) appear to be counter-regulated in human monocytes, which 
is consistent with transplant experiments in mice that show C5aR1 instead 
of CCR2 controls migration of Mreg-precursors into allografts. Therefore, 





we designed a new 10-colour flow cytometry panel incorporating CD35, 
CD88, CD192 and CD326. 
To check our new definition of human Mo-MDSCs based on CD35 
expression, we performed suppression assays and we observed that Mo-
MDSCs CD35
 high
cells were more suppressive in comparison with CD35
low
 
monocytes. In spite of this, these isolation essays still rely in the marker 
HLA-DR to isolate Mo-MDSC, then the new 4 proposed panels taken 
together could help in identifying MDSCs subpopulations, phenotypically 
















































The conclusions obtained from this work were the following:  
1. There is an increase in Mo-MDSCs frequencies 6 months and 1 year after 
kidney transplantation.  
2. There is and expansion of Treg after Mo-MDSCs co-culture.  
3. Mo-MDSCs from KTR under tacrolimus treatment have increased 
suppressive activity compared to rapamycin. 
4. Loss of suppressive function in rapamycin-exposed Mo-MDSCs is related 
to diminished IDO expression.  
5. Percentages of total MDSCs are increased in LTR 3 months after 
transplantation up to a year.  
6.  Mo-MDSCs percentages increased promptly after lung transplantation 
and decreased gradually during the timecourse follow up. 
7. Mo-MDSCs subsets from tacrolimus treated LTR are able to efectively 
suppress T cell proliferation. 
 
8. Mo-MDSCs frequencies increase after acute cellular rejection (ACR) in 
LTR.  
 
9. HLA-DR expression in monocytes show a dose-dependent reduction 
after dexamethasone exposition, then monocytes are phenotypically 
indistinguishable from Mo-MDSCs. 
 
10. CD35 (CR1) and CD326 (Ep-CAM) were more highly expressed in HLA-
DR-/low Mo-MDSC than in HLA-DR+ monocytes. 
 

















































1.  http://www.transplant-observatory.org/export-database/ 
2.  Spanish Ministry of Health, Consumer Affairs and Social Wellfare: 
https://www.mscbs.gob.es/gabinetePrensa/notaPrensa/pdf/DOSSI1
80121114055629.pdf 
3.  Peña JR, Fitzpatrick D, Saidman SL. Complement-dependent 
cytotoxicity crossmatch. Methods Mol Biol. 2013;1034:257-83. 
4.  Nasr M, Sigdel T, Sarwal M. Advances in diagnostics for transplant 
rejection. Expert Rev Mol Diagn. 2016 Oct;16(10):1121-1132. 
5.  Cecka JM, Terasaki PI. Early rejection episodes. Clin Transpl. 1989; 
425-34.  
6.  Hariharan S, Johnson CP, Bresnahan BA, Taranto SE, McIntosh MJ, 
Stablein D. Improved Graft Survival after Renal Transplantation in 
the United States, 1988 to 1996. N Engl J Med. 2000;342(9).  
7.  Ahmad I. Biopsy of the transplanted kidney. Semin Intervent Radiol. 
2004 Dec;21(4):275-81. 
8.   González-Molina M, Ruiz-Esteban P, Caballero A, Burgos D, Cabello 
M, Leon M, Fuentes L, Hernandez D. Immune response and histology 
of humoral rejection in kidney transplantation. Nefrologia. 2016 Jul-
Aug;36(4):354-67. 
9.  FEUCHT HE, FELBER E, GOKEL MJ, HILLEBRAND G, NATTERMANN U, 
BROCKMEYER C, et al. Vascular deposition of complement‐split 
products in kidney allografts with cell‐mediated rejection. Clin Exp 
Immunol. 1991;86(3).  





10.  Terasaki PI. Humoral theory of transplantation. Am J Transplant. 
2003 Jun;3(6):665-73. 
11.  Sellarés J, De Freitas DG, Mengel M, Reeve J, Einecke G, Sis B, et al. 
Understanding the causes of kidney transplant failure: The dominant 
role of antibody-mediated rejection and nonadherence. Am J 
Transplant. 2012;12(2).  
12.  Online course in Organ Transplantation” (2019), Spanish Society of 
Transplantation. 
13.  Eikmans M, Gielis EM, Ledeganck KJ, Yang J, Abramowicz D, Claas 
FFJ. Non-invasive Biomarkers of Acute Rejection in Kidney 
Transplantation: Novel Targets and Strategies. Front Med 
(Lausanne). 2019 Jan 8;5:358.  
14.  Massy ZA, Guijarro C, Wiederkehr MR, Ma JZ, Kasiske BL. Chronic 
renal allograft rejection: Immunologic and nonimmunologic risk 
factors. Kidney Int. 1996;49(2).  
15.  Ojo AO, Morales JM, González-Molina M, Steffick DE, Luan FL, 
Merion RM, et al. Comparison of the long-term outcomes of kidney 
transplantation: USA versus Spain. Nephrol Dial Transplant. 
2013;28(1). 
16.  Bhatti AB, Usman M. Chronic Renal Transplant Rejection and 
Possible Anti-Proliferative Drug Targets. Cureus. 2015 Nov 
6;7(11):e376. 
17.  Venuta F, Van Raemdonck D. History of lung transplantation. J 
Thorac Dis. 2017 Dec;9(12):5458-5471. 





18.  Newsletter transplant 2020 
19.  Annual Data Report of the US Organ Procurement and 
Transplantation Network. Preface. Am J Transplant. 2014 Jan;14 
Suppl 1:5-7. 
20.  Burton CM, Carlsen J, Mortensen J, Andersen CB, Milman N, Iversen 
M. Long-term Survival After Lung Transplantation Depends on 
Development and Severity of Bronchiolitis Obliterans Syndrome. J 
Hear Lung Transplant. 2007;26(7).  
21.  Copeland CAF, Snyder LD, Zaas DW, Jackson Turbyfill W, Davis WA, 
Palmer SM. Survival after bronchiolitis obliterans syndrome among 
bilateral lung transplant recipients. Am J Respir Crit Care Med. 
2010;182(6).  
22.  Blumenstock DA, Lewis C. The first transplantation of the lung in a 
human revisited. Ann Thorac Surg. 1993;56(6).  
23.  Gomez-De-Antonio D, Campo-Caaveral JL, Crowley S, Valdivia D, 
Cordoba M, Moradiellos J, et al. Clinical lung transplantation from 
uncontrolled nonheart-beating donors revisited. J Hear Lung 
Transplant. 2012;31(4).  
24.  Warnecke G, Moradiellos J, Tudorache I, Kühn C, Avsar M, 
Wiegmann B, Sommer W, Ius F, Kunze C, Gottlieb J, Varela A, 
Haverich A. Normothermic perfusion of donor lungs for preservation 
and assessment with the Organ Care System Lung before bilateral 
transplantation: a pilot study of 12 patients. Lancet. 2012 Nov 
24;380(9856):1851-8. 





25.  http://www.ont.es/internacional/Documents/StateArt.pdf 
26.  Weill D, Benden C, Corris PA, Dark JH, Davis RD, Keshavjee S, Lederer 
DJ, Mulligan MJ, Patterson GA, Singer LG, Snell GI, Verleden GM, 
Zamora MR, Glanville AR. A consensus document for the selection of 
lung transplant candidates: 2014--an update from the Pulmonary 
Transplantation Council of the International Society for Heart and 
Lung Transplantation. J Heart Lung Transplant. 2015 Jan;34(1):1-15. 
27.  Román A, Ussetti P, Solé A, Zurbano F, Borro JM, Vaquero JM, et al. 
Normativa para la selección de pacientes candidatos a trasplante 
pulmonar. Arch Bronconeumol. 2011;47(6).  
28.  Coll E, Santos F, Ussetti P, Canela M, Borro JM, De La Torre M, et al. 
Registro Español de Trasplante Pulmonar: primer informe de 
resultados (2006-2010). Arch Bronconeumol. 2013;49(2).  
29.  Ussetti Gil. Introducción al trasplante pulmonar. Monografía 
Trasplante Pulmonar Neuromadrid.2012 
30.  Parulekar AD, Kao CC. Detection, classification, and management of 
rejection after lung transplantation. J Thorac Dis. 2019 Sep;11(Suppl 
14):S1732-S1739. 
31.  Glanville A. The role of surveillance bronchoscopy post-lung 
transplantation. Semin Respir Crit Care Med. 2013;34(3).  
32.  Pavliša G, Džubur F, Hećimović ANA, Redžepi G, Samaržija M. Lung 
transplantation. Medicus. 2018 Oct 1;27(2):205–10.  
33.  Westall GP, Snell GI, McLean C, Kotsimbos T, Williams T, Magro C. 
C3d and C4d Deposition Early After Lung Transplantation. J Hear 





Lung Transplant. 2008;27(7).  
34.  Levine DJ, Glanville AR, Aboyoun C, Belperio J, Benden C, Berry GJ, et 
al. Antibody-mediated rejection of the lung: A consensus report of 
the International Society for Heart and Lung Transplantation. J Hear 
Lung Transplant. 2016;35(4).  
35.  Martinu T, Chen DF, Palmer SM. Acute rejection and humoral 
sensitization in lung transplant recipients. Proc Am Thorac Soc. 2009 
Jan 15;6(1):54-65. 
36.  Glanville AR, Aboyoun CL, Havryk A, Plit M, Rainer S, Maloufe MA. 
Severity of lymphocytic bronchiolitis predicts long-term outcome 
after lung transplantation. Am J Respir Crit Care Med. 2008;177(9).  
37.  Hachem RR. The role of the immune system in lung transplantation: 
towards improved long-term results. J Thorac Dis. 2019 Sep;11(Suppl 
14):S1721-S1731. 
38.  Meyer KC, Raghu G, Verleden GM, Corris PA, Aurora P, Wilson KC, et 
al. An international ISHLT/ATS/ERS clinical practice guideline: 
Diagnosis and management of bronchiolitis obliterans syndrome. Eur 
Respir J. 2014;44(6).  
39.  Estenne M, Maurer JR, Boehler A, Egan JJ, Frost A, Hertz M, Mallory 
GB, Snell GI, Yousem S. Bronchiolitis obliterans syndrome 2001: an 
update of the diagnostic criteria. J Heart Lung Transplant. 2002 
Mar;21(3):297-310. 
40.  Bemiss BC, Witt CA. Chronic lung allograft dysfunction following lung 
transplantation: Challenges and solutions. Transpl Res Risk Manag. 






41.  Verleden SE, Vos R, Vanaudenaerde BM, Verleden GM. Chronic lung 
allograft dysfunction phenotypes and treatment. J Thorac Dis. 2017 
Aug;9(8):2650-2659. 
42.  Costa J, Benvenuto LJ, Sonett JR. Long-term outcomes and 
management of lung transplant recipients. Best Pract Res Clin 
Anaesthesiol. 2017 Jun;31(2):285-297. 
43.  Gandhi MK, Khanna R. Human cytomegalovirus: clinical aspects, 
immune regulation, and emerging treatments. Lancet Infect Dis. 
2004 Dec;4(12):725-38. 
44.  Vos R, Vanaudenaerde BM, Dupont LJ, Van Raemdonck DE, Verleden 
GM. Transient airway colonization is associated with airway 
inflammation after lung transplantation. Am J Transplant. 2007;7(5).  
45.  Gottlieb J, Mattner F, Weissbrodt H, Dierich M, Fuehner T, Strueber 
M, et al. Impact of graft colonization with gram-negative bacteria 
after lung transplantation on the development of bronchiolitis 
obliterans syndrome in recipients with cystic fibrosis. Respir Med. 
2009;103(5).  
46.  Weigt SS, Copeland CAF, Derhovanessian A, Shino MY, Davis WA, 
Snyder LD, et al. Colonization with small conidia aspergillus species is 
associated with bronchiolitis obliterans syndrome: A two-center 
validation study. Am J Transplant. 2013;13(4).  
47.  Lim MA, Kohli J, Bloom RD. Immunosuppression for kidney 
transplantation: Where are we now and where are we going? 





Transplant Rev (Orlando). 2017 Jan;31(1):10-17. 
48.  Hardinger KL, Brennan DC, Klein CL. Selection of induction therapy in 
kidney transplantation. Transpl Int. 2013 Jul;26(7):662-72. 
49.  Brennan DC, Sheridan AM. Induction immunosuppressive therapy in 
renal transplantation in adults. In: Murphy B, Sheridan AM, editores 
UpToDate Waltham: UpToDate. 2016.  
50.  Halloran PF. Immunosuppressive Drugs for Kidney Transplantation. N 
Engl J Med. 2004;351(26).  
51.  Scheffert JL, Raza K. Immunosuppression in lung transplantation. J 
Thorac Dis. 2014 Aug;6(8):1039-53. 
52.  Scheffert JL, Raza K. Immunosuppression in lung transplantation. J 
Thorac Dis. 2014;6(8):1039–53.  
53.  Zhao T, Yang C, Xue Y, Qiu YY, Hu L, Qiu Y, Wang X, Yang B, Rong R, 
Xu M, Zhu T. Impact of basiliximab on the proportion of regulatory T 
cells and their subsets early after renal transplantation: a preliminary 
report. Transplant Proc. 2012 Jan;44(1):175-8. 
54.  Tang Q, Leung J, Melli K, Lay K, Chuu EL, Liu W, et al. Altered balance 
between effector T cells and FOXP3+HELIOS + regulatory T cells after 
thymoglobulin induction in kidney transplant recipients. Transpl Int. 
2012;25(12).  
55.  Griffith BP, Hardesty RL, Armitage JM, Kormos RL, Marrone GC, 
Duncan S, et al. Acute rejection of lung allografts with various 
immunosuppressive protocols. Ann Thorac Surg. 1992;54(5).  





56.  Gutierrez-Dalmau A, Campistol JM. Immunosuppressive therapy and 
malignancy in organ transplant recipients: a systematic review. 
Drugs. 2007;67(8):1167-98. doi: 10.2165/00003495-200767080-
00006. PMID: 17521218. 
57.  Engels EA, Pfeiffer RM, Fraumeni JF, Kasiske BL, Israni AK, Snyder JJ, 
et al. Spectrum of cancer risk among US solid organ transplant 
recipients. JAMA - J Am Med Assoc. 2011;306(17).  
58.  Taylor AL, Watson CJ, Bradley JA. Immunosuppressive agents in solid 
organ transplantation: Mechanisms of action and therapeutic 
efficacy. Crit Rev Oncol Hematol. 2005 Oct;56(1):23-46. doi: 
10.1016/j.critrevonc.2005.03.012. PMID: 16039869. 
59.  King-Biggs MB, Dunitz JM, Park SJ, Savik SK, Hertz MI. Airway 
anastomotic dehiscence associated with use of sirolimus 
immediately after lung transplantation. Transplantation. 2003;75(9).  
60.  Azzola A, Havryk A, Chhajed P, Hostettler K, Black J, Johnson P, et al. 
Everolimus and mycophenolate mofetil are potent inhibitors of 
fibroblast proliferation after lung transplantation. Transplantation. 
2004;77(2).  
61.  Roman A, Ussetti P, Zurbano F, Borro JM, Solé A, Carreo MC, et al. A 
retrospective 12-month study of conversion to everolimus in lung 
transplant recipients. Transplant Proc. 2011;43(7).  
62.  Cahill BC, Somerville KT, Crompton JA, Parker ST, O’Rourke MK, 
Stringham JC, et al. Early experience with sirolimus in lung transplant 
recipients with chronic allograft rejection. J Hear Lung Transplant. 






63.  Parada MT, Alba A, Sepúlveda C, Melo J. Long-term use of 
everolimus in lung transplant patients. Transplant Proc. 2011;43(6).  
64.  Shitrit D, Rahamimov R, Gidon S, Bakal I, Bargil-Shitrit A, Milton S, et 
al. Use of sirolimus and low-dose calcineurin inhibitor in lung 
transplant recipients with renal impairment: Results of a controlled 
pilot study. Kidney Int. 2005;67(4).  
65.  Gullestad L, Iversen M, Mortensen SA, Eiskjær H, Riise GC, Mared L, 
et al. Everolimus with reduced calcineurin inhibitor in thoracic 
transplant recipients with renal dysfunction: A multicenter, 
randomized trial. Transplantation. 2010;89(7).  
66.  Segundo DS, Ruiz JC, Izquierdo M, Fernández-Fresnedo G, Gómez-
Alamillo C, Merino R, et al. Calcineurin inhibitors, but not rapamycin, 
reduce percentages of CD4 +CD25+FOXP3+ regulatory T cells in renal 
transplant recipients. Transplantation. 2006;82(4).  
67.  Liefeldt L, Brakemeier S, Glander P, Waiser J, Lachmann N, 
Schönemann C, et al. Donor-specific HLA antibodies in a cohort 
comparing everolimus with cyclosporine after kidney 
transplantation. Am J Transplant. 2012;12(5).  
68.  Christie JD, Edwards LB, Kucheryavaya AY, Benden C, Dipchand AI, 
Dobbels F, et al. The registry of the international society for heart 
and lung transplantation: 29th adult lung and heart-lung transplant 
report - 2012. J Hear Lung Transplant. 2012;31(10).  
69.  Staatz CE, Tett SE. Clinical pharmacokinetics and pharmacodynamics 





of mycophenolate in solid organ transplant recipients. Clin 
Pharmacokinet. 2007;46(1):13-58. 
70.  Coutinho AE, Chapman KE. The anti-inflammatory and 
immunosuppressive effects of glucocorticoids, recent developments 
and mechanistic insights. Mol Cell Endocrinol. 2011 Mar 15;335(1):2-
13. 
71.  Ehrchen JM, Roth J, Barczyk-Kahlert K. More Than Suppression: 
Glucocorticoid Action on Monocytes and Macrophages. Front 
Immunol. 2019 Aug 27;10:2028. 
72.  Auphan N, Di Donato J, Rosette C, Helmberg A, Karin M. 
Immunosuppression by glucocorticoids: inhibition of NF-kappa B 
activity through induction of I kappa B synthesis [see comments]. 
Science (80- ). 1995;270(5234).  
73.  Cari L, De Rosa F, Nocentini G, Riccardi C. Context-Dependent Effect 
of Glucocorticoids on the Proliferation, Differentiation, and 
Apoptosis of Regulatory T Cells: A Review of the Empirical Evidence 
and Clinical Applications. Int J Mol Sci. 2019 Mar 6;20(5):1142. 
74.  Barnett AN, Hadjianastassiou VG, Mamode N. Rituximab in renal 
transplantation. Transpl Int. 2013 Jun;26(6):563-75. 
75.  Astor TL, Weill D, Cool C, Teitelbaum I, Schwarz MI, Zamora MR. 
Pulmonary capillaritis in lung transplant recipients: Treatment and 
effect on allograft function. J Hear Lung Transplant. 2005;24(12).  
76.  Baum C, Reichenspurner H, Deuse T. Bortezomib rescue therapy in a 
patient with recurrent antibody-mediated rejection after lung 





transplantation. J Heart Lung Transplant. 2013 Dec;32(12):1270-1. 
77.  Neumann J, Tarrasconi H, Bortolotto A, Machuca T, Canabarro R, 
Sporleder H, Fernandes S, Schio S, Costa C, Camargo S, Sanchez L, 
Camargo J, Perin F, Felicetti J, Michelon T. Acute humoral rejection in 
a lung recipient: reversion with bortezomib. Transplantation. 2010 
Jan 15;89(1):125-6. 
78.  Jordan SC, Vo A, Tyan D, Toyota M. Desensitization therapy with 
intravenous gammaglobulin (IVIG): applications in solid organ 
transplantation. Trans Am Clin Climatol Assoc. 2006;117:199-211. 
79.  Hachem R. Antibody-mediated lung transplant rejection. Curr Respir 
Care Rep. 2012;1(3).  
80.  Dawson KL, Parulekar A, Seethamraju H. Treatment of hyperacute 
antibody-mediated lung allograft rejection with eculizumab. J Heart 
Lung Transplant. 2012 Dec;31(12):1325-6. 
81.  Bittner HB, Dunitz J, Hertz M, Bolman MR, Park SJ. Hyperacute 
rejection in single lung transplantation - Case report of successful 
management by means of plasmapheresis and antithymocyte 
globulin treatment. Transplantation. 2001;71(5).  
82.  Jang HR, Rabb H. The innate immune response in ischemic acute 
kidney injury. Clin Immunol. 2009 Jan;130(1):41-50. 
83.  Watts RP, Thom O, Fraser JF. Inflammatory signalling associated with 
brain dead organ donation: from brain injury to brain stem death 
and posttransplant ischaemia reperfusion injury. J Transplant. 
2013;2013:521369. 





84.  Zhao H, Alam A, Soo AP, George AJT, Ma D. Ischemia-Reperfusion 
Injury Reduces Long Term Renal Graft Survival: Mechanism and 
Beyond. EBioMedicine. 2018 Feb;28:31-42. 
85.  Kawashima M, Juvet SC. The role of innate immunity in the long-
term outcome of lung transplantation. Ann Transl Med. 2020;8(6).  
86.  Alegre ML, Leemans J, Le Moine A, Florquin S, De Wilde V, Chong A, 
Goldman M. The multiple facets of toll-like receptors in 
transplantation biology. Transplantation. 2008 Jul 15;86(1):1-9. 
87.  Nijboer WN, Schuurs TA, Van Der Hoeven JAB, Fekken S, Wiersema-
Buist J, Leuvenink HGD, et al. Effect of brain death on gene 
expression and tissue activation in human donor kidneys. 
Transplantation. 2004;78(7).  
88.  Jang HR, Ko GJ, Wasowska BA, Rabb H. The interaction between 
ischemia-reperfusion and immune responses in the kidney. J Mol 
Med (Berl). 2009 Sep;87(9):859-64. 
89.  Wood KJ, Goto R. Mechanisms of rejection: current perspectives. 
Transplantation. 2012 Jan 15;93(1):1-10. 
90.  Orlando G, Soker S, Wood K. Operational tolerance after liver 
transplantation. J Hepatol. 2009;50(6).  
91.  Manilay JO, Pearson DA, Sergio JJ, Swenson KG, Sykes M. Intrathymic 
deletion of alloreactive T cells in mixed bone marrow chimeras 
prepared with a nonmyeloablative conditioning regimen. 
Transplantation. 1998;66(1).  
92.  Appleman LJ, Boussiotis VA. T cell anergy and costimulation. 





Immunol Rev. 2003 Apr;192:161-80. 
93.  Bishop GA, Sun J, Sheil AG, McCaughan GW. High-dose/activation-
associated tolerance: a mechanism for allograft tolerance. 
Transplantation. 1997 Nov 27;64(10):1377-82. 
94.  Siachoque M H, Valero O, Iglesias G A. Tolerancia inmunológica, un 
recorrido en el tiempo: ¿Cómo discriminar entre lo propio y lo 
extraño? Vol. 20, Revista Colombiana de Reumatologia. 2013.  
95.  Lombardi G, Sidhu S, Batchelor R, Lechler R. Anergic T cells as 
suppressor cells in vitro. Science. 1994 Jun 10;264(5165):1587-9. 
96.  Sommer W, Buechler G, Jansson K, Avsar M, Knöfel AK, Salman J, et 
al. Irradiation before and donor splenocyte infusion immediately 
after transplantation induce tolerance to lung, but not heart 
allografts in miniature swine. Transpl Int. 2017;30(4).  
97.  HAMANO K, FUJIKURA Y, FUKUDA S, ESATO K, FUKUMOTO T. The 
effect of intrathymic injection of donor blood on the graft versus 
host reaction and cardiac allograft survival in the rat. Immunol Cell 
Biol. 1991;69(3).  
98.  Khan A, Tomita Y, Sykes M. Thymic dependence of loss of tolerance 
in mixed allogeneic bone marrow chimeras after depletion of donor 
antigen: Peripheral mechanisms do not contribute to maintenance 
of tolerance. Transplantation. 1996;62(3).  
99.  Levings MK, Sangregorio R, Sartirana C, Moschin AL, Battaglia M, 
Orban PC, et al. Human CD25+CD4+ T suppressor cell clones produce 
transforming growth factor β, but not interleukin 10, and are distinct 





from type 1 T regulatory cells. J Exp Med. 2002;196(10).  
100.  Chen Y, Kuchroo VK, Inobe JI, Hafler DA, Weiner HL. Regulatory T cell 
clones induced by oral tolerance: Suppression of autoimmune 
encephalomyelitis. Science (80- ). 1994;265(5176).  
101.  Noh G, Lee JH. Regulatory B cells and allergic diseases. Allergy 
Asthma Immunol Res. 2011 Jul;3(3):168-77. 
102.  Miller A, Lider O, Roberts AB, Sporn MB, Weiner HL. Suppressor T 
cells generated by oral tolerization to myelin basic protein suppress 
both in vitro and in vivo immune responses by the release of 
transforming growth factor β after antigen-specific triggering. Proc 
Natl Acad Sci U S A. 1992;89(1).  
103.  Najafian N, Chitnis T, Salama AD, Zhu B, Benou C, Yuan X, et al. 
Regulatory functions of CD8+CD28- T cells in an autoimmune disease 
model. J Clin Invest. 2003;112(7).  
104.  Gilliet M, Liu YJ. Generation of human CD8 T regulatory cells by CD40 
ligand-activated plasmacytoid dendritic cells. J Exp Med. 
2002;195(6).  
105.  Godfrey DI, Hammond KJ, Poulton LD, Smyth MJ, Baxter AG. NKT 
cells: facts, functions and fallacies. Immunol Today. 2000 
Nov;21(11):573-83. 
106.  Zhang ZX, Yang L, Young KJ, DuTemple B, Zhang L. Identification of a 
previously unknown antigen-specific regulatory T cell and its 
mechanism of suppression. Nat Med. 2000;6(7).  
107.  Kim TJ. The Role of B Cells in Transplantation Rejection. J Korean Soc 





Transplant. 2018;32(1).  
108.  Zheng G, Huang R, Qiu G, Ge M, Wang J, Shu Q, Xu J. Mesenchymal 
stromal cell-derived extracellular vesicles: regenerative and 
immunomodulatory effects and potential applications in sepsis. Cell 
Tissue Res. 2018 Oct;374(1):1-15. 
109.  Ramasamy R, Fazekasova H, Lam EWF, Soeiro I, Lombardi G, Dazzi F. 
Mesenchymal stem cells inhibit dendritic cell differentiation and 
function by preventing entry into the cell cycle. Transplantation. 
2007;83(1).  
110.  Jiang XX, Zhang Y, Liu B, Zhang SX, Wu Y, Yu XD, et al. Human 
mesenchymal stem cells inhibit differentiation and function of 
monocyte-derived dendritic cells. Blood. 2005;105(10).  
111.  Gonçalves FDC, Luk F, Korevaar SS, Bouzid R, Paz AH, López-Iglesias 
C, et al. Membrane particles generated from mesenchymal stromal 
cells modulate immune responses by selective targeting of pro-
inflammatory monocytes. Sci Rep. 2017;7(1).  
112.  González MA, Gonzalez-Rey E, Rico L, Büscher D, Delgado M. 
Adipose-Derived Mesenchymal Stem Cells Alleviate Experimental 
Colitis by Inhibiting Inflammatory and Autoimmune Responses. 
Gastroenterology. 2009;136(3).  
113.  Ge W, Jiang J, Arp J, Liu W, Garcia B, Wang H. Regulatory T-cell 
generation and kidney allograft tolerance induced by mesenchymal 
stem cells associated with indoleamine 2,3-dioxygenase expression. 
Transplantation. 2010;90(12).  





114.  Deng Y, Zhang Y, Ye L, Zhang T, Cheng J, Chen G, Zhang Q, Yang Y. 
Umbilical Cord-derived Mesenchymal Stem Cells Instruct Monocytes 
Towards an IL10-producing Phenotype by Secreting IL6 and HGF. Sci 
Rep. 2016 Dec 5;6:37566. 
115.  Franquesa M, Mensah FK, Huizinga R, Strini T, Boon L, Lombardo E, 
et al. Human adipose tissue-derived mesenchymal stem cells 
abrogate plasmablast formation and induce regulatory B cells 
independently of T helper cells. Stem Cells. 2015;33(3).  
116.  Navarro-Barriuso J, Mansilla MJ, Quirant-Sánchez B, Teniente-Serra 
A, Ramo-Tello C, Martínez-Cáceres EM. Vitamin D3-Induced 
Tolerogenic Dendritic Cells Modulate the Transcriptomic Profile of T 
CD4+ Cells Towards a Functional Hyporesponsiveness. Front 
Immunol. 2021 Jan 20;11:599623. 
117.  Silva Pde M, Bier J, Paiatto LN, Galdino Albuquerque C, Lopes Souza 
C, Fernandes LG, Tamashiro WM, Simioni PU. Tolerogenic Dendritic 
Cells on Transplantation: Immunotherapy Based on Second Signal 
Blockage. J Immunol Res. 2015;2015:856707. 
118.  Ordikhani F, Pothula V, Sanchez-Tarjuelo R, Jordan S, Ochando J. 
Macrophages in Organ Transplantation. Vol. 11, Frontiers in 
Immunology. 2020.  
119.  Rőszer T. Understanding the Mysterious M2 Macrophage through 
Activation Markers and Effector Mechanisms. Mediators Inflamm. 
2015;2015:816460. 
120.  Gurvich OL, Puttonen KA, Bailey A, Kailaanmäki A, Skirdenko V, 





Sivonen M, et al. Transcriptomics uncovers substantial variability 
associated with alterations in manufacturing processes of 
macrophage cell therapy products. Sci Rep. 2020;10(1).  
121.  Ribechini E, Hutchinson JA, Hergovits S, Heuer M, Lucas J, Schleicher 
U, et al. Novel GM-CSF signals via IFN-gR/IRF-1 and AKT/mTOR 
license monocytes for suppressor function. Blood Adv. 2017;1(14).  
122.  Conde P, Rodriguez M, van der Touw W, Jimenez A, Burns M, Miller 
J, et al. DC-SIGN+ Macrophages Control the Induction of 
Transplantation Tolerance. Immunity. 2015;42(6).  
123.  Amodio G, Cichy J, Conde P, Matteoli G, Moreau A, Ochando J, Oral 
BH, Pekarova M, Ryan EJ, Roth J, Sohrabi Y, Cuturi MC, Gregori S. 
Role of myeloid regulatory cells (MRCs) in maintaining tissue 
homeostasis and promoting tolerance in autoimmunity, 
inflammatory disease and transplantation. Cancer Immunol 
Immunother. 2019 Apr;68(4):661-672. 
124.  Gabrilovich DI, Bronte V, Chen SH, Colombo MP, Ochoa A, Ostrand-
Rosenberg S, Schreiber H. The terminology issue for myeloid-derived 
suppressor cells. Cancer Res. 2007 Jan 1;67(1):425; author reply 426. 
125.  Newby M, Wepsic HT. Hematopoiesis and Suppressor Bone Marrow 
Cells in Mice Bearing Large Metastatic Lewis Lung Carcinoma 
Tumors. Cancer Res. 1986;47(1).  
126.  Buessow SC, Paul RD, Lopez DM. Influence of mammary tumor 
progression on phenotype and function of spleen and in situ 
lymphocytes in mice. J Natl Cancer Inst. 1984;73(1).  





127.  Seung LP, Rowley DA, Dubey P, Schreiber H. Synergy between T-cell 
immunity and inhibition of paracrine stimulation causes tumor 
rejection. Proc Natl Acad Sci U S A. 1995;92(14).  
128. Dorhoi A, Du Plessis N. Monocytic Myeloid-Derived Suppressor Cells 
in Chronic Infections. Front Immunol. 2018 Jan 4;8:1895. 
129.  Hock BD, Mackenzie KA, Cross NB, Taylor KG, Currie MJ, Robinson 
BA, Simcock JW, McKenzie JL. Renal transplant recipients have 
elevated frequencies of circulating myeloid-derived suppressor cells. 
Nephrol Dial Transplant. 2012 Jan;27(1):402-10. 
130.  Jeong HJ, Lee HJ, Ko JH, Cho BJ, Park SY, Park JW, Choi SR, Heo JW, 
Yoon SO, Oh JY. Myeloid-Derived Suppressor Cells Mediate 
Inflammation Resolution in Humans and Mice with Autoimmune 
Uveoretinitis. J Immunol. 2018 Feb 15;200(4):1306-1315. 
131. Le Page A, Garneau H, Dupuis G, Frost EH, Larbi A, Witkowski JM, 
Pawelec G, Fülöp T. Differential Phenotypes of Myeloid-Derived 
Suppressor and T Regulatory Cells and Cytokine Levels in Amnestic 
Mild Cognitive Impairment Subjects Compared to Mild Alzheimer 
Diseased Patients. Front Immunol. 2017 Jul 7;8:783. 
132.  Hoechst B, Gamrekelashvili J, Manns MP, Greten TF, Korangy F. 
Plasticity of human Th17 cells and iTregs is orchestrated by different 
subsets of myeloid cells. Blood. 2011 Jun 16;117(24):6532-41. 
133. Millrud CR, Bergenfelz C, Leandersson K. On the origin of myeloid-
derived suppressor cells. Oncotarget. 2017 Jan 10;8(2):3649-3665. 
134.  Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TF, 





Mandruzzato S, Murray PJ, Ochoa A, Ostrand-Rosenberg S, 
Rodriguez PC, Sica A, Umansky V, Vonderheide RH, Gabrilovich DI. 
Recommendations for myeloid-derived suppressor cell 
nomenclature and characterization standards. Nat Commun. 2016 
Jul 6;7:12150. 
135.  Dumitru CA, Moses K, Trellakis S, Lang S, Brandau S. Neutrophils and 
granulocytic myeloid-derived suppressor cells: immunophenotyping, 
cell biology and clinical relevance in human oncology. Cancer 
Immunol Immunother. 2012 Aug;61(8):1155-67. 
136.  Lang S, Bruderek K, Kaspar C, Höing B, Kanaan O, Dominas N, et al. 
Clinical relevance and suppressive capacity of human myeloid-
derived suppressor cell subsets. Clin Cancer Res. 2018;24(19).  
137.  Rodriguez PC, Ernstoff MS, Hernandez C, Atkins M, Zabaleta J, Sierra 
R, et al. Arginase I-producing myeloid-derived suppressor cells in 
renal cell carcinoma are a subpopulation of activated granulocytes. 
Cancer Res. 2009;69(4).  
138.  Mandruzzato S, Brandau S, Britten CM, Bronte V, Damuzzo V, 
Gouttefangeas C, et al. Toward harmonized phenotyping of human 
myeloid-derived suppressor cells by flow cytometry: results from an 
interim study. Cancer Immunol Immunother [Internet]. 
2016;65(2):161–9.  
139.  Movahedi K, Guilliams M, Van Den Bossche J, Van Den Bergh R, 
Gysemans C, Beschin A, et al. Identification of discrete tumor-
induced myeloid-derived suppressor cell subpopulations with 
distinct T cell suppressive activity. Blood. 2008;111(8).  





140.  Youn J-I, Collazo M, Shalova IN, Biswas SK, Gabrilovich DI. 
Characterization of the nature of granulocytic myeloid-derived 
suppressor cells in tumor-bearing mice. J Leukoc Biol. 2012;91(1).  
141.  Bruger AM, Dorhoi A, Esendagli G, Barczyk-Kahlert K, van der 
Bruggen P, Lipoldova M, et al. How to measure the 
immunosuppressive activity of MDSC: assays, problems and 
potential solutions. Cancer Immunol Immunother [Internet]. 2019 
Apr 21;68(4):631–44.  
142.  Bronte V, Wang M, Overwijk WW, Surman DR, Pericle F, Rosenberg 
SA, et al. Apoptotic death of CD8+ T lymphocytes after 
immunization: induction of a suppressive population of Mac-1+/Gr-
1+ cells. J Immunol. 1998;161(10).  
143.  Chesney JA, Mitchell RA, Yaddanapudi K. Myeloid‐derived 
suppressor cells—a new therapeutic target to overcome resistance 
to cancer immunotherapy. J Leukoc Biol. 2017;102(3).  
144.  Green KA, Cook WJ, Green WR. Myeloid-Derived Suppressor Cells in 
Murine Retrovirus-Induced AIDS Inhibit T- and B-Cell Responses In 
Vitro That Are Used To Define the Immunodeficiency. J Virol. 
2013;87(4).  
145.  Wang C, Zhang N, Qi L, Yuan J, Wang K, Wang K, et al. Myeloid-
Derived Suppressor Cells Inhibit T Follicular Helper Cell Immune 
Response in Japanese Encephalitis Virus Infection. J Immunol. 
2017;199(9).  
146.  Wang L, Cao D, Wang L, Zhao J, Nguyen LN, Dang X, et al. HCV-





associated exosomes promote myeloid-derived suppressor cell 
expansion via inhibiting miR-124 to regulate T follicular cell 
differentiation and function. Cell Discov. 2018;4(1).  
147.  Poschke I, Mao Y, Adamson L, Salazar-Onfray F, Masucci G, Kiessling 
R. Myeloid-derived suppressor cells impair the quality of dendritic 
cell vaccines. Cancer Immunol Immunother. 2012;61(6).  
148.  Rodríguez PC, Ochoa AC. Arginine regulation by myeloid derived 
suppressor cells and tolerance in cancer: Mechanisms and 
therapeutic perspectives. Vol. 222, Immunological Reviews. 2008, 
Apr;222:180-91 
149.  Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The Nature of Myeloid-
Derived Suppressor Cells in the Tumor Microenvironment. Trends 
Immunol. 2016 Mar;37(3):208-220. 
150.  Zhang W, Li J, Qi G, Tu G, Yang C, Xu M. Myeloid-derived suppressor 
cells in transplantation: the dawn of cell therapy. J Transl Med. 2018 
Jan 29;16(1):19. 
151.  Scalea JR, Lee YS, Davila E, Bromberg JS. Myeloid-Derived Suppressor 
Cells and Their Potential Application in Transplantation. 
Transplantation. 2018 Mar;102(3):359-367. 
152.  Huang B, Pan P-Y, Li Q, Sato AI, Levy DE, Bromberg J, et al. Gr-1 + 
CD115 + Immature Myeloid Suppressor Cells Mediate the 
Development of Tumor-Induced T Regulatory Cells and T-Cell Anergy 
in Tumor-Bearing Host. Cancer Res [Internet]. 2006;66(2):1123–31. h 
153.  Riquelme P, Amodio G, Macedo C, Moreau A, Obermajer N, 





Brochhausen C, et al. DHRS9 Is a Stable Marker of Human Regulatory 
Macrophages. Transplantation. 2017;101(11).  
154.  Wu T, Zhao Y, Zhao Y. The roles of myeloid-derived suppressor cells 
in transplantation. Expert Rev Clin Immunol. 2014 Oct;10(10):1385-
94. 
155.  Escors D, Liechtenstein T, Perez-Janices N, Schwarze J, Dufait I, 
Goyvaerts C, Lanna A, Arce F, Blanco-Luquin I, Kochan G, Guerrero-
Setas D, Breckpot K. Assessing T-cell responses in anticancer 
immunotherapy: Dendritic cells or myeloid-derived suppressor cells? 
Oncoimmunology. 2013 Oct 1;2(10):e26148. 
156.  Ochando JC, Chen SH. Myeloid-derived suppressor cells in 
transplantation and cancer. Immunol Res. 2012 Dec;54(1-3):275-85. 
157. Ochando J, Conde P, Utrero-Rico A, Paz-Artal E. Tolerogenic Role of 
Myeloid Suppressor Cells in Organ Transplantation. Front Immunol. 
2019 Mar 6;10:374.  
158.  Dugast A-S, Haudebourg T, Coulon F, Heslan M, Haspot F, Poirier N, 
et al. Myeloid-Derived Suppressor Cells Accumulate in Kidney 
Allograft Tolerance and Specifically Suppress Effector T Cell 
Expansion. J Immunol. 2008;180(12).  
159.  Dilek N, Poirier N, Usal C, Martinet B, Blancho G, Vanhove B. Control 
of Transplant Tolerance and Intragraft Regulatory T Cell Localization 
by Myeloid-Derived Suppressor Cells and CCL5. J Immunol. 
2012;188(9).  
160.  Grützner E, Stirner R, Arenz L, Athanasoulia AP, Schrödl K, Berking C, 





et al. Kinetics of human myeloid-derived suppressor cells after blood 
draw. J Transl Med. 2016;14(1).  
161.  Merino D, San Segundo D, Medina JM, Rodrigo E, Asensio E, Irure J, 
et al. Different in vitro proliferation and cytokine-production 
inhibition of memory T-cell subsets after calcineurin and mammalian 
target of rapamycin inhibitors treatment. Immunology. 2016;148(2).  
162.  Chiasson VL, Bounds KR, Chatterjee P, Manandhar L, Pakanati AR, 
Hernandez M, et al. Myeloid-Derived Suppressor Cells Ameliorate 
Cyclosporine A-Induced Hypertension in Mice. Hypertension. 
2018;71(1).  
163.  Luan Y, Mosheir E, Menon MC, Wilson D, Woytovich C, Ochando J, et 
al. Monocytic Myeloid-Derived Suppressor Cells Accumulate in Renal 
Transplant Patients and Mediate CD4 + Foxp3 + Treg Expansion. Am J 
Transplant [Internet]. 2013 Dec;13(12):3123–31.  
164.  Utrero-Rico A, Laguna-Goya R, Cano-Romero F, Chivite-Lacaba M, 
Gonzalez-Cuadrado C, Rodríguez-Sánchez E, Ruiz-Hurtado G, Serrano 
A, Fernández-Ruiz M, Justo I, González E, Andrés A, Paz-Artal E. Early 
Posttransplant Mobilization of Monocytic Myeloid-derived 
Suppressor Cell Correlates With Increase in Soluble 
Immunosuppressive Factors and Predicts Cancer in Kidney 
Recipients. Transplantation. 2020 Dec;104(12):2599-2608. 
165.  Hock BD, McKenzie JL, Cross NB, Currie MJ. Dynamic changes in 
myeloid derived suppressor cell subsets following renal transplant: A 
prospective study. Transpl Immunol. 2015;32(3).  





166.  Huang B, Pan P-Y, Li Q, Sato AI, Levy DE, Bromberg J, et al. Gr-1 + 
CD115 + Immature Myeloid Suppressor Cells Mediate the 
Development of Tumor-Induced T Regulatory Cells and T-Cell Anergy 
in Tumor-Bearing Host. Cancer Res [Internet]. 2006 Jan 
15;66(2):1123–31.  
167.  Garcia MR, Ledgerwood L, Yang Y, Xu J, Lal G, Burrell B, et al. 
Monocytic suppressive cells mediate cardiovascular transplantation 
tolerance in mice. J Clin Invest. 2010;120(7).  
168.  Meng F, Chen SY, Guo X, Chen Z, Huang X, Lai Y, et al. Clinical 
Significance of Myeloid-Derived Suppressor Cells in Human Renal 
Transplantation with Acute T Cell-Mediated Rejection. Inflammation. 
2014;37(5).  
169.  Han C, Wu T, Na N, Zhao Y, Li W, Zhao Y. The effect of 
immunosuppressive drug cyclosporine A on myeloid-derived 
suppressor cells in transplanted mice. Inflamm Res. 2016;65(9).  
170.  Kim Y-S, Kim Y-J, Lee J-M, Kim E-K, Park Y-J, Choe S-K, et al. 
Functional Changes in Myeloid-Derived Suppressor Cells (MDSCs) 
during Tumor Growth: FKBP51 Contributes to the Regulation of the 
Immunosuppressive Function of MDSCs. J Immunol. 2012;188(9).  
171.  Wu T, Zhao Y, Wang H, Li Y, Shao L, Wang R, Lu J, Yang Z, Wang J, 
Zhao Y. mTOR masters monocytic myeloid-derived suppressor cells 
in mice with allografts or tumors. Sci Rep. 2016 Feb 1;6:20250. 
172.  Nakamura T, Nakao T, Yoshimura N, Ashihara E. Rapamycin Prolongs 
Cardiac Allograft Survival in a Mouse Model by Inducing Myeloid-





Derived Suppressor Cells. Am J Transplant. 2015;15(9).  
173.  Chen X, Zhang Z, Bi Y, Fu Z, Gong P, Li Y, et al. mTOR signaling 
disruption from myeloid-derived suppressive cells protects against 
immune-mediated hepatic injury through the HIF1α-dependent 
glycolytic pathway. J Leukoc Biol. 2016;100(6).  
174.  Zhang C, Wang S, Li J, Zhang W, Zheng L, Yang C, et al. The mTOR 
signal regulates myeloid-derived suppressor cells differentiation and 
immunosuppressive function in acute kidney injury. Cell Death Dis. 
2017;8(3).  
175.  Braza MS, van Leent MMT, Lameijer M, Sanchez-Gaytan BL, Arts 
RJW, Pérez-Medina C, et al. Inhibiting Inflammation with Myeloid 
Cell-Specific Nanobiologics Promotes Organ Transplant Acceptance. 
Immunity. 2018;49(5).  
176.  Ochando J, Fayad ZA, Madsen JC, Netea MG, Mulder WJM. Trained 
immunity in organ transplantation. Am J Transplant. 2020 
Jan;20(1):10-18. 
177.  Mulder WJM, Ochando J, Joosten LAB, Fayad ZA, Netea MG. 
Therapeutic targeting of trained immunity. Nat Rev Drug Discov. 
2019;18(7).  
178.  Moon JS, Hisata S, Park MA, DeNicola GM, Ryter SW, Nakahira K, et 
al. MTORC1-Induced HK1-Dependent Glycolysis Regulates NLRP3 
Inflammasome Activation. Cell Rep. 2015;12(1).  
179.  Ding C, Sun X, Wu C, Hu X, Zhang H, Yan J. Tumor Microenvironment 
Modulates Immunological Outcomes of Myeloid Cells with mTORC1 





Disruption. J Immunol. 2019;202(5).  
180.  Hock BD, Mackenzie KA, Cross NB, Taylor KG, Currie MJ, Robinson 
BA, et al. Renal transplant recipients have elevated frequencies of 
circulating myeloid-derived suppressor cells. Nephrol Dial Transplant 
[Internet]. 2012;27(1):402–10.  
181.  Iglesias-Escudero M, Sansegundo-Arribas D, Riquelme P, Merino-
Fernández D, Guiral-Foz S, Pérez C, et al. Myeloid-Derived 
Suppressor Cells in Kidney Transplant Recipients and the Effect of 
Maintenance Immunotherapy. Front Immunol. 2020; Apr 30;11:643. 
182.  Mintzer DM, Billet SN, Chmielewski L. Drug-induced hematologic 
syndromes. Adv Hematol. 2009;2009:495863. 
 183.  Varga G, Ehrchen J, Tsianakas A, Tenbrock K, Rattenholl A, Seeliger S, 
et al. Glucocorticoids induce an activated, anti-inflammatory 
monocyte subset in mice that resembles myeloid-derived suppressor 
cells. J Leukoc Biol. 2008;84(3).  
184.  Ehrchen J, Steinmüller L, Barczyk K, Tenbrock K, Nacken 
W,Eisenacher M, et al. Glucocorticoids induce differentiation of a 
specifically activated, anti-inflammatory subtype of human 
monocytes. Blood. 2007;109(3).  
185.  Heigl T, Singh A, Saez-Gimenez B, Kaes J, Van Herck A, Sacreas A, 
Beeckmans H, Vanstapel A, Verleden SE, Van Raemdonck DE, 
Verleden G, Vanaudenaerde BM, Hartl D, Vos R. Myeloid-Derived 
Suppressor Cells in Lung Transplantation. Front Immunol. 2019 Apr 
26;10:900. 





186.  Yang F, Li Y, Zhang Q, Tan L, Peng L, Zhao Y. The Effect of 
Immunosuppressive Drugs on MDSCs in Transplantation. J Immunol 
Res. 2018 Jul 3;2018:5414808. 
187.  Okano S, Abu-Elmagd K, Kish DD, Keslar K, Baldwin WM, Fairchild RL, 
et al. Myeloid-derived suppressor cells increase and inhibit donor-
reactive T cell responses to graft intestinal epithelium in intestinal 
transplant patients. Am J Transplant. 2018;18(10).  
188.  Du XX, Guo YL, Zhao YP, Yang M, Chang S, Liu B, et al. Accumulation 
of High Levels of Monocytic Myeloid-Derived Suppressor Cells 
Enhances Graft Survival in Almost-Tolerant Kidney Transplant 
Recipients. Transplant Proc. 2018;50(10).  
189.  Hoffman JA, Weinberg KI, Azen CG, Horn M V., Dukes L, Starnes VA, 
et al. Human leukocyte antigen-DR expression on peripheral blood 
monocytes and the risk of pneumonia in pediatric lung transplant 
recipients. Transpl Infect Dis. 2004;6(4).  
190.  Alingrin J, Coiffard B, Textoris J, Nicolino-Brunet C, Gossez M, Jarrot 
PA, Dignat-George F, Monneret G, Thomas PA, Leone M, Reynaud-
Gaubert M, Papazian L. Sepsis is associated with lack of monocyte 
HLA-DR expression recovery without modulating T-cell 
reconstitution after lung transplantation. Transpl Immunol. 2018 
Dec;51:6-11 
191.  Deshane JS, Redden DT, Zeng M, Spell ML, Zmijewski JW, Anderson 
JT, et al. Subsets of airway myeloid-derived regulatory cells 
distinguish mild asthma from chronic obstructive pulmonary disease. 
J Allergy Clin Immunol. 2015;135(2).  





192.  Scrimini S, Pons J, Agustí A, Soriano JB, Cosio BG, Torrecilla JA, et al. 
Differential effects of smoking and COPD upon circulating myeloid 
derived suppressor cells. Respir Med. 2013;107(12).  
193.  Lebrun A, Lo Re S, Chantry M, Izquierdo Carerra X, Uwambayinema 
F, Ricci D, et al. CCR2+ monocytic myeloid-derived suppressor cells 
(M-MDSCs) inhibit collagen degradation and promote lung fibrosis 
by producing transforming growth factor-β1. J Pathol. 2017;243(3).  
194.  Yeager ME, Nguyen CM, Belchenko DD, Colvin KL, Takatsuki S, Ivy 
DD, et al. Circulating myeloid-derived suppressor cells are increased 
and activated in pulmonary hypertension. Chest. 2012;141(4).  
195.  Sharma NS, Wille KM, Athira S, Zhi D, Hough KP, Diaz-Guzman E, et 
al. Distal airway microbiome is associated with immunoregulatory 
myeloid cell responses in lung transplant recipients. J Hear Lung 
Transplant. 2018;37(2).  
196.  Aarts CEM, Kuijpers TW. Neutrophils as myeloid-derived suppressor 
cells. Eur J Clin Invest. 2018 Nov;48 Suppl 2:e12989. 
197.  Tulzo Y Le, Pangault C, Amiot L, Guilloux V, Tribut O, Arvieux C, et al. 
Monocyte human leukocyte antigen-DR transcriptional 
downregulation by cortisol during septic shock. Am J Respir Crit Care 
Med. 2004;169(10).  
 



























fimmu-11-00643 April 29, 2020 Time: 16:54 # 1
ORIGINAL RESEARCH




Newcastle University, United Kingdom
Reviewed by:
Amanda S. MacLeod,
Duke University, United States
Alessandra Franco,








This article was submitted to
Antigen Presenting Cell Biology,
a section of the journal
Frontiers in Immunology
Received: 16 August 2019
Accepted: 20 March 2020
Published: 30 April 2020
Citation:
Iglesias-Escudero M,
Sansegundo-Arribas D, Riquelme P,
Merino-Fernández D, Guiral-Foz S,
Pérez C, Valero R, Ruiz JC, Rodrigo E,
Lamadrid-Perojo P, Hutchinson JA,
Ochando J and López-Hoyos M
(2020) Myeloid-Derived Suppressor
Cells in Kidney Transplant Recipients




Myeloid-Derived Suppressor Cells in
Kidney Transplant Recipients and the
Effect of Maintenance
Immunotherapy
María Iglesias-Escudero1, David Sansegundo-Arribas1,2, Paloma Riquelme3,
David Merino-Fernández1, Sandra Guiral-Foz1,2, Carmen Pérez1, Rosalia Valero1,4,
Juan Carlos Ruiz1,4, Emilio Rodrigo1,4, Patricia Lamadrid-Perojo1, James A. Hutchinson3,
Jordi Ochando5,6* and Marcos López-Hoyos1,2*
1 Transplantation and Autoimmunity Group, Marqués de Valdecilla Health Research Institute (IDIVAL) Santander, Spain,
2 Department of Immunology, University Hospital Marqués de Valdecilla, Santander, Spain, 3 Section of Experimental Surgery,
Department of Surgery, University Hospital of Regensburg, Regensburg, Germany, 4 Department of Nephrology, University
Hospital Marqués de Valdecilla, Santander, Spain, 5 Department of Oncological Sciences, Icahn School of Medicine
at Mount Sinai, New York, NY, United States, 6 Immunología de Trasplantes, Centro Nacional de Microbiología, Instituto
de Salud Carlos III, Madrid, Spain
Myeloid-derived suppressor cells (MDSC) represent a heterogeneous group of myeloid
regulatory cells that were originally described in cancer. Several studies in animal
models point to MDSC as important players in the induction of allograft tolerance
due to their immune modulatory function. Most of the published studies have been
performed in animal models, and the data addressing MDSCs in human organ
transplantation are scarce. We evaluated the phenotype and function of different MDSCs
subsets in 38 kidney transplant recipients (KTRs) at different time points. Our data
indicate that monocytic MDSCs (Mo-MDSC) increase in KTR at 6 and 12 months
posttransplantation. On the contrary, the percentages of polymorphonuclear MDSC
(PMN-MDSC) and early-stage MDSC (e-MDSC) are not significantly increased. We
evaluated the immunosuppressive activity of Mo-MDSC in KTR and confirmed their
ability to increase regulatory T cells (Treg) in vitro. Interestingly, when we compared the
ability of Mo-MDSC to suppress T cell proliferation, we observed that tacrolimus, but
not rapamycin-treated KTR, was able to inhibit CD4+ T cell proliferation in vitro. This
indicates that, although mTOR inhibitors are widely regarded as supportive of regulatory
responses, rapamycin may impair Mo-MDSC function, and suggests that the choice of
immunosuppressive therapy may determine the tolerogenic pathway and participating
immune cells that promote organ transplant acceptance in KTR.
Keywords: kidney transplantation, mTOR inhibition, myeloid-derived suppressor cells, tacrolimus,
immunosuppression
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INTRODUCTION
Kidney transplantation is a treatment option for patients with
end-stage renal disease (ESRD). Although immunosuppressive
protocols have clearly reduced the incidence of acute rejection,
transplant patients continue at high risk of treatment side effects,
and long-term allograft survival has not improved significantly
(1). As a consequence, the main goals in transplantation are to
predict the risk of developing rejection and to find biomarkers
of tolerance to allow immunosuppression withdrawal in order
to minimize the adverse effects of the currently available
immunosuppressive regimens.
An increasing field of research is focused on the study of
immune cells with regulatory and/or suppressive function.
Among them, myeloid-derived suppressor cells (MDSCs)
have gained attention in the last years. The MDSCs are a
heterogeneous group of myeloid cells able to suppress adaptive
and innate immune responses and have been suggested as
potential biomarkers for allograft tolerance. They were initially
described in cancer, and several studies have pointed out MDSC
to play an important role in the regulation of immune responses
in other clinical setting, such as organ transplantation, infection,
and autoimmune diseases (2–4).
Myeloid-derived suppressor cells were first described in
mice as CD11b+ Gr1+ cells, and experimental transplant
models demonstrated that MDSCs have an important role
in the induction of tolerance (5). On the contrary, evidence
on their role in human transplantation is scarce and non-
conclusive. In renal transplant patients, Luan et al. observed
MDSC, defined as CD33+ CD11b+HLA-DR−, able to expand
T regulatory cells (Treg) in vitro and correlate with Treg cell
numbers in vivo (6). These data were confirmed by Meng
et al. who associated MDSC numbers with less tissue injury
and longer allograft survival (7). Human MDSCs are divided
into three main subsets: monocytic MDSC (Mo-MDSCs:
CD33+CD11b+CD14+HLA-DR−), polymorphonuclear MDSC
(PMN-MDSCs: CD33+CD11b+CD15+HLA-DR−), and a
population lacking both differentiation surface markers classified
as early-stage MDSC (e-MDSCs: CD33+HLA-DR−CD15−
CD14−) (8). Since these phenotypic markers are not exclusive
of MDSCs and they are present in other myeloid cells such
as monocytes, macrophages, and granulocytes, MDSC cells
are further defined upon demonstration of their suppressive
function (9).
Due to the paucity of the MDSC data in clinical organ
transplantation and that different immunosuppressants may
have a distinct effect on MDSC, we monitored circulating
MDSC subset frequencies in kidney transplant recipients (KTRs).
The main goal of the study was to compare transplant
recipients receiving standard triple therapy to those maintained
on a regimen including rapamycin and evaluate the effect
Abbreviations: 7AAD, 7-amino-actinomycin D; CNI, calcineurin inhibitors;
e-MDSC, early-stage MDSCs; HC, healthy controls; KTRs, kidney transplant
recipients; MDSCs, myeloid-derived suppressor cells; Mo-MDSCs, monocytic
MDSCs; mTOR, mammalian target of rapamycin; PBMC, peripheral
blood mononuclear cells; PBS, phosphate-buffered saline; PMN-MDSCs,
polymorphonuclear MDSCs.




A total of 38 consecutive KTRs were enrolled in the study after
giving consent while they were listed for kidney transplantation
in the Hospital Universitario Marqués de Valdecilla in 2016.
The study was approved by the Hospital Universitario Marqués
de Valdecilla Ethics Committee. The mean follow-up time was
459 days. The clinical and immunological features of the KTR are
summarized in Table 1. Clinical data were collected from patient
records, and blood was drawn at baseline/day 0, 180, and 360 days
after transplantation. The clinical and immunological features of
the KTR are summarized in Table 1.
Monoclonal Antibodies and Flow
Cytometry Analysis
The PBMCs or isolated MDSCs were stained with the
following monoclonal antibodies: anti-CD33-APC (clone
D3HL60.251), anti-CD3-FITC (clone UCHT1), anti-CD14-ECD
(clone RMO52), and anti-CD11b-PE-cyanin (clone Bear1)
(Beckman Coulter, Marseille, France); anti-CD16-APC-Cy7
(clone 3G8) and anti-CD56-FITC (clone HCD56 and anti-
HLA-DR-Brilliant Violet 510 (clone L243) (Biolegend, San
Diego, CA, United States); anti-CD19-FITC (clone 4G7),
anti-CD14-FITC (clone MϕP9), anti-CD25-PE (clone 2A3),
and anti-FoxP3-Pacific Blue (clone 206D) (BD Biosciences);
anti-CD15-CF Blue (clone MCS-1) (Inmunostep, Salamanca,
Spain); and anti-CD4-APC-Vio770 (clone REA623) from
Miltenyi Biotech. The cells were incubated for 20 min,
washed with phosphate-buffered saline (PBS), and acquired
in a Cytoflex R© flow cytometer (Beckman Coulter). MDSCs
were quantified by flow cytometry following the gating
strategy proposed by Bronte et al. (8) to characterize MDSC
subsets: Mo-MDSCs (CD33+CD11b+HLADR− CD14+
CD15−), PMN-MDSC (CD33+CD11b+HLADR− CD15+
CD14−), and e-MDSC Lin− (CD14+CD56+CD3+CD19+)
CD33+CD11b+HLADR− CD14−CD15−. Total MDSCs were
defined as CD33+CD11b+HLADR− cells. Fluorescence minus
one control was used to identify HLA-DR+ and HLA-DR− cells.
Isolation and Sorting of MDSC
Human peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats from healthy donors and from KTR by
Ficoll density gradient centrifugation. To isolate CD33+ HLA-
DR− and CD33+ HLA-DR− CD14+ cells (Mo-MDSC), the
CD33+ cells were first sorted by magnetic-automated cell sorting
using CD33-positive separation microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany) according to the manufacturer’s
instructions. Further isolation of CD33+HLA-DR− cells and
CD33+HLA-DR− CD14+ was performed by sorting enriched
cells on a FACS-ARIA II (BD Biosciences, San Jose, CA,
United States). The purity of the cell sorting was tested after
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TABLE 1 | Main features of study population (N = 38).
Recipients: Age, mean, years 51.88 (SD13.23)
Donors: Age, mean, years 49.61 (SD12.63)
Healthy controls: Age, mean, years 46.17 (SD11.85)
Recipient Sex (% female) 18 (47.37%)
Donor sex (% female) 19 (50%)
Dialysis post kidney transplant 10 (26%)
Preexisting anti-HLA antibodies 13 (34.21%)
Class I antibodies 10 (26%)









Calcineurin inhibitor 33 (86.84%)


















Cr 7 days post trasplant 2.28 (SD1.70)
Cr 30 days post transplant 1.90 (SD1.39)
Cr 120 days post transplant 1.40 (SD0.45)
Cr 180 days post transplant 1.40 (SD0.48)
SD, standard deviation; ESRD, end stage renal disease; 1stT, first transplant; RT,
retransplant patients.
each experiment, and >98% efficiency was considered acceptable
for the study. The experimental conditions were replicated at
least four times.
Whole Blood Cultures
Whole blood culture was performed as follows: fresh blood
anticoagulated with lithium-heparin was diluted 1:4 in
GibcoTM DMEMF/12 GlutaMAXTM supplement medium
(Thermo Fisher Scientific) containing 100 U/ml penicillin
(Lonza) and 100 mg/ml streptomycin (Lonza). Cells were
stimulated throughout the cultures with 5 ng/ml recombinant
human monocyte colony stimulating factor (rhM-CSF; R&D
Systems, Wiesbaden-Nordenstadt). For some experiments,
human CD14+ monocytes were isolated from Ficoll density
gradient centrifugation of PBMC followed by positive
selection using anti-CD14 microbeads (Miltenyi, Bergisch-
Gladbach, Germany). Isolated CD14+ monocytes were
stained with Cell TrackerTM Green CMFDA Dye (Thermo
Fisher Scientific) at 2 nM and then added back into whole
blood cultures at 105 cells/tube (Falcon R© 5 ml round bottom
polystyrene test tube) diluted 1/4 in GibcoTM DMEMF/12
GlutaMAXTM supplement medium (Thermo Fisher Scientific)
and supplemented with 100 U/ml penicillin (Lonza), 100 mg/ml
streptomycin (Lonza), and rhM-CSF (R&D Systems, Wiesbaden-
Nordenstadt) at 5 ng/ml carried on 0.1% human albumin.
Purity of sorted cells was tested after isolation, and >95%
efficiency was considered acceptable for the study. Cells were
collected, and location was analyzed at baseline and 1 and
2 days after culture.
In vitro Evaluation of MDSC Suppressor
Function
CD4+ T cells were isolated from healthy donors or KTR PBMC
by immunomagnetic depletion using EasySepTM Human CD4+
naive T Cell Isolation Kit (Stemcell Technologies, Grenoble,
France) and incubated with carboxyfluorescein succinimidyl
ester (CFSE). The CFSE-labeled T CD4+ cells (5 × 105)
were stimulated with Dynabeads human T-activator CD3/CD28
(Life Technologies AS, Oslo, Norway) in U-bottomed 96-
well plates with complete Roswell Park Memorial Institute
(RPMI) media supplemented with 10% human AB + serum.
Proliferation was determined using flow cytometry. Autologous
Mo-MDSCs were added to the culture at 1:2 ratio (CD4+
T cells: MDSCs), and proliferation was determined at day 5.
Proliferation assays from blood donors were performed five
times. These same functional assays were also carried out
with MDSC from four renal transplant receptors: four patients
under calcineurin inhibitor (tacrolimus) and four patients under
mTOR inhibitor treatment (rapamycin) with at least 24 months
of IS treatment.
In vitro Expansion of Treg Generation
peripheral blood mononuclear cells were obtained from KTR
under maintenance immunosuppression with tacrolimus. CD4+
T cells were sorted from the PBMC as described above.
CD4+ T cells (5 × 105) were polyclonally stimulated and
cultured with CD33+HLA-DR−CD14+ (Mo-MDSC) at different
concentrations. Treg generation was determined at day 5 by
staining with the monoclonal antibodies indicated above and flow
cytometry analysis.
Western Blot
Gel electrophoresis and immunoblotting were performed as
described elsewhere (10).
Statistical Analysis
Non-parametric Mann–Whitney U test and Student’s t-test
were used to compare two groups, as appropriate. More than
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two groups were compared using the parametric analysis of
variance (ANOVA), the non-parametric Kruskal–Wallis (not
matching), or Friedman (repeated measures) test. Comparisons
between two paired groups were performed using the Student’s
t-test for paired data or the Wilcoxon signed-rank test when
data were or not normally distributed, respectively. Multiple
comparisons were assessed using Dunn or Tukey’s tests.
Statistical analyses were performed using GraphPad software
version 6.01 (GraphPad Inc., San Diego, CA, United States). To
examine the relationship between bivariate variables, the Pearson
correlation was calculated using SPSS Statistics version 24.
RESULTS
Monitoring MDSC in Kidney Transplant
Patients
We hypothesized that MDSC subset frequencies might
serve as useful biomarkers of clinical outcome after kidney
transplantation. Therefore, we first quantified Mo-MDSC,
PMN-MDSCs, and e-MDSC in peripheral blood from KTRs
at 0, 180, and 360 days after transplantation. We found
an increase in total CD33+HDL-DRlo MDSC frequency at
180 days after transplantation [median, 11.5%; interquartile
range (IQR), 6.2–17.0%] (Figures 1B, 2A) in comparison with
patients on the day of transplantation (median, 8.8%; IQR,
5.0–16.4%) (Figures 1A, 2A). MDSC frequency at 360 days
posttransplant was also increased but not significantly (median,
11.2%; IQR, 4.9–17.8%; Figures 1C, 2A). Next, we examined
changes in MDSC subset distribution after transplantation
(Figure 2 and Supplementary Figures S1, S2). Mo-MDSC
frequencies were significantly increased at 180 and 360 days
posttransplant (median, 22.71%; IQR, 6.75–57.56% and median,
25.48%; IQR, 8.85–56.58%) in comparison to patients on the
day of transplantation (median, 10.56%; IQR, 3.18–37.55%)
(Figures 1A–C, 2B). PMN-MDSC and e-MDSC frequencies
were lower at 180 days after transplantation (median, 41.71%;
IQR, 12.67–62.79% and median, 5.5%; IQR, 1.9–10.87%)
compared to patients on the day of transplantation (median,
54.6%; IQR, 29.4–84.95% and median, 6.15%; IQR, 3.9–13.5%),
and they remained lower 360 days posttransplantation (median,
43.14%; IQR, 10.28–63.02% and median, 4.09%; IQR, 2.11–8.2%)
(Figures 1A–C, 2C,D). Despite these changes, we did not find
any association between the MDSC subsets, and the clinical data
are summarized in Table 1 for patients included in the present
work. Importantly, all the KTRs were receiving tacrolimus
(Table 1) as main immunosuppressant during the first 360 days
after transplantation shown.
MDSC From Transplant Patients Induce
the Production of Tregs in vitro
Treg expansion is one of the main mechanisms by which MDSCs
exert suppressive function (11, 12). Hence, we evaluated the
capacity of Mo-MDSC from healthy donors and KTR to boost
Tregs in vitro. We observed a significant increase in the frequency
of Tregs recovered from the culture when CD4+ T cells were
stimulated with Mo-MDSC from cells from KTR at 360 days
after transplantation, confirming their suppressive function
(Figure 3).
MDSC From Tacrolimus Treated KTR
Effectively Suppress T Cell Proliferation
in vitro
The T-cell-suppressive capacity of Mo-MDSC from healthy
controls, tacrolimus, and rapamycin-treated KTR was compared
using an in vitro assay of polyclonally activated T cell
proliferation. Sorted Mo-MDSC were added at a 1:2 ratio
to autologous CD3/CD28-stimulated CD4+ T cells. Four
patients under long-term tacrolimus treatment and four patients
under long-term rapamycin maintenance therapy were analyzed
(Figure 4). Results indicate that Mo-MDSC obtained from
tacrolimus treated KTR were significantly suppressive in
comparison with rapamycin treated KTR. This suggests that
Mo-MDSC from transplant patients exhibit different suppressive
function in vitro, according to the immunosuppressive therapy
that KTRs receive.
Rapamycin Inhibits the Function of
in vitro Generated Myeloid Suppressor
Cells
Following-up our observation of Mo-MDSC obtained from
rapamycin-treated KTRs, we next investigated the effect of
rapamycin on myeloid suppressor cells that were generated
in vitro from whole blood cultures. First, we developed a
flow cytometry panel that allowed us to reliably detect Mo-
MDSC from human whole blood cultures according to their
CD45+ CD33+ Lin− HLA-DRlo CD14+ CD15− phenotype
(Figure 5A). Using whole blood cultures, we next investigated
whether CSF1-stimulated human monocytes acquire a Mo-
MDSC phenotype (CD33+ Lin− HLA-DRlo CD14+ CD15−)
in vitro. When cultured for 48 h, we observed an increase
in Mo-MDSC frequency in whole blood cultures from healthy
donors (Figure 5B). Next, we investigated the effect of rapamycin
on Mo-MDSC in whole blood cultures and observed that
rapamycin led to accumulation of HLA-DRlo CD14+ Mo-
MDSC over 48 h (Figure 5C). This suggests that mTOR
inhibition promotes Mo-MDSC development. Surprisingly, we
found that rapamycin exposure substantially reduced the T-cell-
suppressive capacity of Mo-MDSC (Figure 5D). It has been
previously shown that T cell suppression by human-monocyte-
derived Mo-MDSC is in part mediated by the expression of
the immunosuppressive molecule indoleamine 2,3-dioxygenase
(IDO) (13). Our results confirm that rapamycin blocked the
expression of IDO (Figure 5E), suggesting that the suppressive
effect of Mo-MDSC from rapamycin-treated KTR may be
compromised due to the impaired expression of IDO.
DISCUSSION
Myeloid-derived suppressor cells represent a varied group of
myeloid regulatory cells that were originally studied in cancer
Frontiers in Immunology | www.frontiersin.org 4 April 2020 | Volume 11 | Article 643
fimmu-11-00643 April 29, 2020 Time: 16:54 # 5
Iglesias-Escudero et al. MDSC in Organ Transplantation
FIGURE 1 | Characterization of myeloid-derived suppressor cell (MDSC) subsets by flow cytometry. CD33+ HLA-DR− myeloid cells were selected from live cells
after doublets and debris exclusion. To define monocytic (Mo-MDSC), early-stage (e-MDSC), and polymorphonuclear (PMN-MDSC) MDSC, the CD14 and CD15
expression was analyzed on cells selected from CD33+HLA-DR− MDSC. Representative flow cytometry data of MDSC from (A) patients on the day of
transplantation (day 0), (B) kidney transplant recipients on day 180, and (C) day 360 posttransplantation is shown.
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FIGURE 2 | Myeloid-derived suppressor cell (MDSC) frequencies in kidney transplant recipients (KTRs). (A) Frequencies of total myeloid-derived suppressor cells
(MDSC) in peripheral blood mononuclear cells (PBMC); (B) monocytic MDSC (Mo-MDSC); (C) early-stage MDSC (eMDSC); and (D) polymorphonuclear MDSC
(PMN-MDSC) are shown. Differences between groups were assessed by Kruskal-Wallis and Mann-Whitney U test. (*p < 0.05).
FIGURE 3 | Monocytic myeloid-derived suppressor cell (Mo-MDSC) from kidney transplant recipients (KTRs) expand Treg in vitro. MDSC dependent CD4+FoxP3+
Treg expansion was analyzed by flow cytometry. Naive CD4+ T cells cocultured under polyclonal activation with autologous Mo-MDSC obtained KTR at day 360 are
shown (n = 3, unpaired t-test).
(14). Several studies demonstrating their immunoregulatory
action in animal models point to a potential role of MDSC
in the induction of tolerance after transplantation (2). As
most of the published studies were performed in animal
models, there is a paucity of data addressing MDSC features
and their role in human transplantation. We found that
absolute numbers of circulating total MDSC were increased
in KTR and in the short term after transplantation, whereas
they declined to baseline levels 1 year after transplantation.
We also observed an increase in Mo-MDSCs frequencies
in the short term after transplantation and 1 year after
transplantation. Luan et al. found that peripheral blood MDSCs
were increased in KTR (6). Hock et al. also reported that
renal transplant recipients had elevated frequencies of circulating
MDSC (15), but they further found that MDSC numbers
had returned to normal levels 12 months posttransplantation
(16). However, in their previous study, long-term KTR had
increased MDSC numbers, suggesting that MDSC recover and
even expand in the long term, as graft acceptance progresses.
These observational studies suggest that MDSC numbers
increased rapidly and peaked following immunosuppressive
therapy. Whether these increases are the result of potential
differences between the two immunosuppressive regimens used
(tacrolimus and mTOR inhibitors) or whether MDSC subsets are
differentially regulated by local conditions or treatments is still a
matter of debate.
Studies developed in mice suggest that MDSCs have an
important role to induce T regulatory cells (Treg) after transplant
(11, 12), but their role in human transplantation is still unclear.
In KTR, Luan et al. observed that CD33+ CD11b+ HLA-DR−
MDSC are capable of expanding Treg, and they correlate with
Treg increases in vivo (6). Consistent with this view, Meng
et al. (7) found that MDSCs isolated from transplant recipients
were also able to expand regulatory T cells and were associated
with longer allograft survival. Okano S. et al. also found a
positive correlation between MDSC and Treg in intestinal
transplant patients (17), and we report here an increase in Treg
expansion after Mo-MDSC coculture. However, there was no
significant linear association between MDSC absolute numbers
and percentage Treg when we examined the relationship between
total MDSC subsets and CD4+CD25+Foxp3+ Treg in vivo.
Myeloid cell surface markers define potential MDSC, but
the lack of unique phenotypic markers obliges to perform
functional studies to identify MDSC subsets. We tested the
suppressive capacity of MDSCs from KTR under calcineurin
(tacrolimus) or mTOR (rapamycin) inhibition at 360 days
of immunosuppressant maintenance therapies. Our results
demonstrate that MDSC from healthy donors display marginal
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FIGURE 4 | Suppressive function of myeloid-derived suppressor cells (MDSCs). Sorted CD4+ T cells were stained with carboxyfluorescein succinimidyl ester (CFSE)
and cultured under polyclonal activation alone or with autologous monocytic myeloid-derived suppressor cells (Mo-MDSCs). Representative flow cytometry plots of
four independent experiments with Mo-MDSCs from healthy volunteers; kidney transplant patients under tacrolimus treatment and rapamycin are shown. Individual
data of experiments are displayed in the right plot graphs where stimulated control cells are represented as black squares and stimulated cells + Mo-MDSC are
represented as black triangles. Differences between groups were assessed by Mann–Whitney test and only indicated if differences were significant.
suppression of polyclonal T CD4+ responses. In contrast,
Mo-MDSCs from KTR exhibit potent suppressive function.
The results are consistent with previous data demonstrating
that CD11b+CD33+HLA-DR− myeloid cells from human KTR
inhibit T cell proliferation, but they found no inhibition when
CD11b+CD33+HLA-DR− cells were obtained from healthy
donors (6). Moreover, we observed that Mo-MDSC from KTR
under tacrolimus treatment had increased suppressive activity
compared to rapamycin, and this immune inhibitory function
may be related to the upregulation of inducible nitric oxide
synthase (iNOS) (18).
On the other hand, rapamycin downregulates iNOS
expression in MDSC, and the suppressive activity and
MDSC numbers are significantly reduced after rapamycin
treatment in an allogeneic skin transplant model (19). Our
results are consistent with this hypothesis, and we attribute
loss of suppressive function to diminished IDO expression
in rapamycin-exposed Mo-MDSC. However, other studies
demonstrated that rapamycin prolongs cardiac allograft survival
through the enhancement of MDSC migration and suppressive
activity (20). Chen X. et al. showed that mTOR signaling
is a negative determinant of MDSC function in immune-
mediated hepatic injury (IMH) diseases. In the context of IMH,
the blocking of mTOR with rapamycin or mTOR-deficient
CD11b+Gr1+ MDSC mediated the protection against IMH
(21). Another study addressing the murine MDSC response
to acute kidney injury demonstrated that MDSC reduced the
injury, and the effect was potentiated by MDSC induction and
enhancement of the immunosuppressive activity promoted
by mTOR (22). More recently, a previously unrecognized
mechanistic pathway associated with organ rejection identifies
the expression of mTOR by graft infiltrating macrophages at
the center of epigenetic and metabolic changes that correlate
with graft loss (23). This novel functional mechanism involves
non-permanent reprogramming of macrophages and has
been termed “trained immunity” (24). Therefore, it seems
that, while mTOR inhibition may prevent trained immunity
and inflammatory pathways in myeloid cells (25, 26), it
may also interfere with tolerogenic programming and the
ability of myeloid cells to expand Treg and suppress T-cell-
mediated immune responses. This dual effect of mTOR
inhibition (immunogenic vs. tolerogenic) and the resulting
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FIGURE 5 | Rapamycin prevents the suppressive function of CD33+HLA-DR−/low myeloid cells. (A) Gating strategy for the identification of CD33+HLA-DR−/low
myeloid cells obtained from healthy control (HC). Fluorescence minus one (FMO) controls were used to define HLA-DR expression (not shown). (B) Colony
stimulating factor 1 (CSF1) induces the accumulation of CD33+HLA-DR−/low myeloid cells in vitro. CD14+ cells were isolated from peripheral blood, labeled with
CFDMA and cocultured with CSF1 for 2 days. CD33+HLA-DR−/low phenotype was analyzed in CFDMA+ cells at day 0, 1, and 2 after culture. FMO controls were
used to define HLA-DR expression. (C) CD33+HLA-DR−/low myeloid cell frequencies after 48 h in WB cultures treated with or without rapamycin. Differences
between groups were assessed by paired t-test. (D) Rapamycin-treated CSF1-stimulated monocytes are less effective than untreated monocytes in suppressing
phytohemagglutinin (PHA)-stimulated proliferation of allogeneic human CD4+ T cells in 1:1 direct cocultures (n = 3). (E) Western Blot analyses indicate that
rapamycin-treated CSF1-derived CD33+HLA-DR−/low myeloid cells prevents the expression of IDO.
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dominant pathway in vivo is likely to determine the outcome
of the transplanted organ. Taken together, the effects of distinct
immunosuppressive drugs on MDSC development and function
need to be better characterized in KTR.
Understanding the effect of immunosuppressive drugs on
MDSC in clinical transplantation is important to develop
strategies to promote tolerance. While there are many
unanswered questions regarding the development and function
of MDSC human transplantation, we conclude that MDSCs
are increased in KTR early after transplantation and that Mo-
MDSC subsets from KTR are able to suppress immune responses
in vitro. How immunosuppressive therapy may enhance or
impair MDSC numbers and function is not clear, and additional
prospective studies in KTR are required to establish if the
long-term transplant tolerance by immune modulation is
dependent on MDSC.
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FIGURE S1 | Comparison of MDSC subsets: Mo-MDSC, PMN-MDSC, and
e-MDSC at day 0 and 180 days after transplant (A) and at day 0, day 180, and
360 after transplant (B). Levels of Mo-MDSC 180 days after transplant were
significantly increased compared to day 0. The central number is the difference (in
percent) between the means of the two time points (A) and the three time points
(B). Differences between time points were calculated using the following formula:
(mean posTx-mean preTx)/mean preTx.
FIGURE S2 | MDSC absolute numbers in KTR. (A) Frequencies of total
myeloid-derived suppressor cells (MDSCs) in peripheral blood mononuclear cells
(PBMCs); (B) monocytic-MDSCs (Mo-MDSCs); (C) early stage-MDSC (eMDSCs),
and (D) polymorphonuclear MDSCs (PMN-MDSCs) are shown. Differences
between groups were assessed by Kruskal-Wallis and Mann-Whitney U test.
(∗p < 0.05).
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Abstract
The balance between effector and regulatory immune cells needs a very exquisite balance in the context of solid organ transplantation to avoid the rejection of the 
organ while maintaining the more immune competence as possible. In the last two decades the role of regulatory immune cells has been extensively studied, mainly 
with regulatory T cells (Tregs), and in the last years another subset of regulatory cells, named myeloid derived suppressor cells (MDSC), has gained importance. 
These cells have different mechanisms of action and some of them are differentially regulated in a number of immune-mediated processes. Thus, MDSC, which play 
important roles in tolerance of experimental models of solid organ transplantation, have been proposed as biomarkers of the degree of immunosuppression and risk 
of rejection. Besides, they are also thought as therapeutic approach for the establishment of tolerance in human transplantation.
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Introduction
Solid organ transplantation is a primary therapy in patients with 
end-stage disease. Throughout the years immunosuppressive protocols 
have clearly reduced the incidence of acute rejection, but current 
pharmacological protocols still result in undesirable side effects, such 
as infection and cancer among others, what results in a moderate 
long-term allograft survival [1,2]. As a consequence, the main goals 
in transplantation are to predict the risk of developing rejection and 
to find alternative tolerance approaches to allow immunosuppression 
withdrawal in order to minimize the adverse effects that have deleterious 
effects on long term graft survival. In this regard, myeloid cells, which 
are involved both in non-specific reactions and donor-specific adaptive 
responses during allograft rejection, play a main role starting and 
controlling immune responses. Under certain circumstances, they 
contribute to the inflammatory process, expanding disease pathology. 
However, myeloid cells with regulatory properties can protect the 
host from uncontrolled inflammation. These cells, known as myeloid 
regulatory cells (MRCs), have been described within all the major 
myeloid cell lineages. Among them, myeloid-derived suppressor cells 
(MDSCs) have been described as a heterogeneous group of myeloid 
cells known to accumulate under chronic pathological conditions [3]. 
As a reflection of their biology, these cells had been called ‘‘immature 
myeloid cells’’ or ‘‘myeloid suppressor cells’’ (MSC) but as neither 
term was considered as accurate, Gabrilovich DI, et al. [4] proposed 
the term ‘‘myeloid -derived suppressor cells’ considering this term 
closer to reflect their origin and function. The first observations of 
suppressive myeloid cells were described more than 20 years ago in 
patients with cancer [5-7]. However, their functional importance in the 
immune system has only recently been appreciated due to the evidence 
that has demonstrated their contribution to the negative regulation of 
immune responses in cancer and other clinical settings, such as organ 
transplantation, infection and autoimmune diseases [3,8-12]. Initially 
MDSC have been described as immature cells that expand in the bone 
marrow in response to chronic inflammatory signals but evidence 
support in certain circumstances MDSC may represent monocytes 
and neutrophils that have been activated into immunosuppressive 
populations [13].
In transplantation the MDSCs are able to suppress adaptive and 
innate immune responses and they have been suggested as potential 
biomarkers for allograft tolerance as they can play a main role in the 
balance between graft acceptance and rejection [14,15]. The MDSCs 
were first described in mice as CD11b+ Gr1+ cells and experimental 
transplant models demonstrated they have an important role in the 
induction of tolerance [15,16]. As most of the published studies were 
performed in animal models, there  is a paucity of data addressing 
MDSC features and their role in human transplantation. Human 
MDSCs in peripheral blood are classified in three main subsets: 
monocytic-MDSC (Mo-MDSCs: CD33+ CD11b+ CD14+ HLA-DR-/
low), polymorphonuclear-MDSC (PMN-MDSCs:CD11b+ CD14-
CD15+ HLA-DR- or CD11b+ CD14-+ CD66b+) [17] and a population 
lacking both differentiation surface markers classified as early- stage 
MDSC (e-MDSCs: CD33+ CD15- CD14-HLA-DR-) [17]. CD33 marker 
can be used instead of CD11b since very few CD15+ cells are CD11b-. 
While Mo-MDSC are CD33+, PMN-MDSC are CD33dim [18]. The 
features and clinical relevance of e-MDSC are not well stablished but 
limited suppression of T cell proliferation and cytokine expression 
was found by some authors [19]. Other suggested makers in human 
MDSCs include high levels of CD66b and low levels of CD62L and 
CD16, vascular endothelial growth factor receptor 1 (VEGFR1) (Flt-
1) [20] and expression of CD124 [21]. Initially the term ‘granulocytic 
MDSC’ was used to describe PMN-MDSC [22,23] but since PMN-
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MDSC are phenotypically distinct from steady-state neutrophils 
lately V. Bronte, et al. proposed the term PMN as more accurate to 
define this subset [17]. Because these markers are not exclusively 
expressed by MDSCs, these regulatory cell subsets are best defined by 
their capacity to suppress T cell proliferation [24], which is associated 
with their ability to induce T cell apoptosis [25] and expand Treg 
cells [26] (Figure 1). Moreover, the interaction between MDSC and 
other immune cells has been described in recent years [27–30]. It is 
important to remark that assays of human MDSC function are difficult 
to implement due to their technical complexity and high variability. At 
the present time, the technique allowing for separation of neutrophils 
from PMN-MDSC is Ficoll gradient regularly used for the isolation of 
mononuclear cells. Low- density fraction contains PMN-MDSC and 
activated neutrophils. Therefore, CD11b+CD14-CD15+/CD66+ cells in 
low-density fraction contain both PMN-MDSC and neutrophils [17]. 
Hence, there is a need for reliable surrogate markers of human MDSC 
function as gating criteria cannot discriminate monocytes from Mo-
MDSCs and neutrophils from PMN-MDSC since at present there are 
no combinations of markers exclusive to MDSC. Human MDSCs exert 
their T cell suppressive actions through a wide variety of mechanisms, 
including production of anti-inflammatory cytokines and up-
regulation of immune- regulatory molecules, including arginase 1 
(Arg1) and indoleamine 2,3-dioxygenase (IDO) [31,32] (Figure 1). 
Conventional phenotyping of human Mo-MDSC subsets mainly 
relies upon HLA-DR expression; however, it is unclear to what extent 
HLA-DR expression is influenced by standard immunosuppression, 
especially glucocorticoids. The release of neutrophils from the 
bone marrow in response to glucocorticoids is well established 
[33] and it has been reported that glucocorticoids can induce anti- 
inflammatory monocytes resembling MDSC [34,35]. In previous 
experiments from our group (data not published) we observed a 
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Figure 1. Mechanisms of MDSC suppressive activity
MDSC exert their suppressive function through a variety of mechanisms: (1) secretion of anti- ‐inflammatory mediators, such as IL- ‐10 and TGF- ‐β that promote induction of T- ‐regulatory 
cells; (2) increased arginase and iNOS: the increased activity of arginase leads to enhanced L- ‐arginine catabolism. The lack of L- ‐arginine inhibits T- ‐cell proliferation through different 
mechanisms, including decreasing their CD3ζ expression; on the other hand iNOS generates NO which suppresses T- ‐cell function inhibiting,  MHC class II expression  and inducing T- ‐cell 
apoptosis; (3) increased production of ROS generates peroxynitrite which induces the nitration and nitrosylation of the amino acids and mediate MDSC suppression of T- ‐cell function; (4) 
MDSCs can inhibit NK cell function by interacting with the NKp30 receptor; (5) inducing increased PD- ‐1 expression; and (6) increased IDO activity which catabolizes tryptophan and 
limits T cell proliferation.
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after dexamethasone exposure, monocytes were phenotypically 
indistinguishable from Mo-MDSC. In the critical illness context, 
Le Tulzo, et al. studied 48 septic patients and found an association 
between high levels of circulating cortisol and reductions in monocyte 
HLA-DR expression on day 6 of illness [36]. The authors then 
demonstrated in vitro that dexamethasone caused a down-regulation 
of a key transcription factor for HLA-DR in normal monocytes. They 
suggest that glucocorticoid action may represent another mechanism 
for the development of innate immune dysfunction. Similarly, Volk, 
et al. demonstrated that the administration of methylprednisolone in 
the setting of cardiopulmonary bypass resulted in an exacerbation of 
innate immunosuppression over that obtained with bypass alone [37]. 
An important goal for future studies is to define cell-surface markers 
and gating strategies that uniquely identify the different populations of 
MDSC. On the other hand, a major challenge in immune monitoring of 
transplant recipients is distinguishing between changes in biomarkers 
reflective of underlying alloimmune responses versus changes related 
to immunosuppressive therapy.
Kidney Transplantation
In kidney transplant models Dugast, et al. reported the role of 
MDSC in kidney transplant recipient rats [38]. In this model, MDSC 
in the recipient allograft were described for the first time in organ 
transplantation and their suppressive mechanism of tolerance was in 
part mediated by iNOS. In concordance, the role of NO (nitric oxide) 
in MDSC mediated suppression was first described by Mazzoni [39]. 
Another report from Vanhove’s laboratory reported that secretion 
of CCL5 by MDSC was responsible for the accumulation of Treg 
into tolerized kidney allografts [40]. In subsequent studies the results 
indicate that a gradient of CCL5 might contribute to the intra graft 
localization of Treg in tolerant recipients controlled by MDSC [41]. 
In human kidney transplantation Luan, et al. found that the overall 
MDSC frequencies were elevated at 3, 6 and 12 months post-transplant 
[42]. Utrero-Rico, et al., observed Mo-MDSC cells counts rapidly 
increase after kidney transplantation and remain high one year 
after transplantation [43]. Hock et al. showed that renal transplant 
recipients (RTR) had elevated frequencies of circulating MDSC [8], 
but they further found MDSC numbers had returned to normal levels 
12 months post-transplantation [44]. However, in their previous study 
of RTRs with longer term transplants elevated MDSC numbers were 
detected in the majority of patients, suggesting that MDSC expand in 
the long-term, as the graft acceptance progresses. In a previous report 
from our group we evaluated the phenotype and function of different 
MDSCs subsets in 38 kidney transplant recipients (KTR) at different 
time-points and our data indicated that Mo-MDSC increase in KTR at 6 
months and 12 months post-transplantation [45]. Moreover, the MDSCs 
were shown to expand early after transplantation, independently of using 
basiliximab or thymoglobulin during induction [44] and almost tolerant 
kidney transplant recipients (ATKTRs) had significantly higher levels of 
monocytic MDSCs and CD4+CD25+FoxP3+ Tregs than short-term graft 
survival kidney transplant recipients and healthy donors [46].
These observational studies suggest that MDSC numbers increase 
rapidly after transplantation and peak following immunosuppressive 
therapy. Moreover, analysis of the changes in MDSCs obtained from 
donors, provided strong evidence that the changes occurring in RTRs 
were likely due to the immunosuppressive regimens rather than the acute 
inflammation from surgery itself [44]. Although Mo-MDSC phenotype 
seems to be influenced by standard immunosuppression, especially 
glucocorticoids, whether MDSC subsets are differentially regulated by 
local conditions or treatments require further investigations.
Studies developed in mice suggest that MDSCs have an important 
role to induce T regulatory cells (Treg) after transplantation [16,47], 
but their role in human transplantation is under investigation. In KTR, 
Luan, et al. observed that CD33+ CD11b+ HLA-DR− MDSC are capable 
of expanding Treg, and they correlate with Treg increases in vivo (42). 
Consistent with this view, Meng, et al. [48] found that MDSCs isolated 
from transplant recipients were also able to expand regulatory T cells 
and were associated with longer allograft survival, and we also reported 
an increase in Treg expansion after Mo-MDSC coculture [45]. Further, 
the Mo-MDSC levels correlated positively with the survival rates, 
estimated glomerular filtration rates (eGFRs) of grafts, and the levels of 
CD4+CD25+FoxP3+ Treg in ATKTRs [46]. In two cohorts of patients 
with acute rejection the mRNA levels of S100A8 and S100A9 in biopsies 
predicted improved graft outcome. Expression of both proteins 
correlated with MDSC markers in PBMC and renal biopsies and higher 
expression of immune regulatory molecules [49]. Due to the lack of 
unique phenotypic markers functional studies have to be performed 
to identify MDSC subsets [24]. Murphy, et al. evaluated the capacity 
of blood derived CD11b+CD33+HLADR− MDSC from human KTRs 
to suppress CD4+T cells proliferation in vitro [42] demonstrating that 
CD11b+CD33+HLA-DR− myeloid cells from human KTR inhibit T cell 
proliferation, but no inhibition was found when CD11b+CD33+HLA-
DR− cells were obtained from healthy donors [42]. Moreover, we 
observed that Mo-MDSC from KTR under tacrolimus treatment had 
increased suppressive activity compared to rapamycin [45] and we 
attribute loss of suppressive function to diminished IDO expression 
in rapamycin-exposed Mo-MDSC. However, another study addressing 
the murine MDSC response to acute kidney injury demonstrated that 
MDSC reduced the injury, and the effect was potentiated by MDSC 
induction and enhancement of the immunosuppressive activity 
promoted by mTOR [50]. More recently, a previously unrecognized 
mechanistic pathway associated with organ rejection identifies the 
expression of mTOR by graft infiltrating macrophages at the center of 
epigenetic and metabolic changes that correlate with graft loss [51]. This 
novel functional mechanism has been termed “trained immunity” [52]. 
Therefore, it seems that, while mTOR inhibition may prevent trained 
immunity and inflammatory pathways in myeloid cells [53,54], it may 
also interfere with tolerogenic programming and the ability of myeloid 
cells to expand Treg and suppress T-cellmediated immune responses. 
This dual effect of mTOR inhibition in vivo is likely to determine the 
outcome of the transplanted organ.
Liver Transplantation
In the 1990s, Settmacher, et al. described an association between 
aggressive calcineurin inhibition and a reduction HLA-DR expression 
in monocytes in the setting of induction therapy in adults following 
liver transplantation [55]: among 91 patients, those whose monocyte 
HLA-DR expression dropped below 30% experienced increased rates 
of bacteremia, viremia, and fungemia compared to those whose HLA-
DR levels remained > 30%. In the same manner, Haveman JW, et al. 
monitored 20 liver transplantation recipients during the first month 
after transplantation and measured the expression of HLA-DR in 
monocytes. Seven out of 20 patients developed sepsis after a median of 
15 days post-transplantation and HLA-DR expression was significantly 
lower in these patients. The expression of HLA-DR in monocytes 
remained low before onset of sepsis. On day 7 after transplantation, HLA-
DR expression on 50% or less of monocytes had a positive predictive 
value for sepsis of 71%, whereas the negative predictive value was 85%. 
Furthermore, patients who received significantly more prednisolone 
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developed sepsis. The authors conclude that low HLA-DR expression 
on monocytes is a marker for a high risk of subsequent sepsis in liver 
transplantation patients and this high risk may be related to the dose 
of prednisolone [56]. It is known that under inflammation and fibrosis, 
MDSC are induced in the liver due to the local conditions [57]. MDSC 
are recruited in the liver and they differenciate by mechanisms that 
depend on contact between several cell types and on soluble mediators. 
For example, hepatic stellate cells promote MDSCs in mice and 
humans and mesenchymal stromal cells in human [58]. Bernsmeier, 
et al. reported that immunosuppressive CD14+HLA-DR- Mo-MDSCs, 
are expanded in patients with acute-on- chronic liver failure (ACLF) 
and TLR-3 agonists reversed Mo-MDSC expansion [59]. In a murine 
model, rapamycin induced the recruitment of MDSC and protected 
against immunological hepatic injury. Downregulating the mTOR 
activity in MDSCs induced iNOS and NO, and the pharmacological 
inhibition of iNOS completely eliminated the recruitment of MDSCs 
[60]. In another model of allogeneic liver transplantation, the authors 
observed an increase of regulatory T cell phenotypes and accumulation 
of MDSC in spleen [61].
Lung Transplantation
Hoffman, et al. monitored HLA-DR expression weekly after 
transplantation in 13 pediatric lung transplant recipients (LRT) [62]. 
Six out of seven patients who developed post-transplant pneumonia 
demonstrated lack of monocyte HLA-DR expression within the first 
two weeks of monitoring and those who developed pneumonia had 
lower monocyte HLA-DR expression over the four-week study period 
than those who remained infection-free. The authors propose that 
monitoring HLA-DR expression in monocytes may be useful to identify 
risk of infection and stratifying patients into higher and lower risk 
groups. Alingrin, et al. assessed the influence of early post-operative 
sepsis on T cell and monocyte reconstitution in anti- thymocyte 
globulin (ATG)-treated lung transplant recipients. Peripheral 
blood T-lymphocytes counts and monocyte HLA-DR (mHLA-DR) 
expression within 60 days post-transplant were analyzed. The authors 
found that sepsis is negatively correlated with the HLA-DR expression 
in monocytes [63]. These findings taken together highlight the 
importance of immunomonitoring after lung transplantation. Deshane, 
et al. found high numbers of CD11b+ CD14+ CD16− HLA-DR− NO-
producing myeloid derived regulatory cells, in the airways of patients 
with asthma but not in patients with chronic obstructive pulmonary 
disease (COPD) or in healthy control subjects [64]. On the other hand 
Scrimini, et al. observed elevated levels of circulating-lineage HLA-DR− 
CD33+ CD11b+ MDSCs in patients with COPD [65]. Other researchers 
demonstrated that CCR2+ Mo-MDSCs inhibit collagen degradation 
and promote lung fibrosis by producing transforming growth factor-β1 
(TGF-β1) [66]. The number of circulating activated MDSCs was found 
to be significantly increased in patients with pulmonary hypertension 
(PH) compared to control subjects, and was correlated with an increase 
in mean pulmonary artery pressure [67]. Sharma, et al. described 
the association of distinct MDSC sub-populations with the lung 
microbiome in LTRs. Their results suggested a functional link between 
the local microbiome and MDSC phenotype, which may play a role in 
the pathogenesis of BOS [68].
One from our group (unpublished) analyzed MDSC frequencies 
in 82 LTR were analyzed during the first  year after transplantation. 
Percentages of total MDSC were increased in LTR 3 months 
after transplantation up to a year. When we studied the effect 
of transplantation on MDSC subsets in our cohort, Mo-MDSC 
percentages increased promptly after transplantation and decreased 
gradually during follow up. On the contrary, PMN-MDSC percentages 
decreased in the short term after transplantation, and increased during 
follow up although no changes compared to pre-transplant levels were 
observed. Compared to pre-transplant levels, e-MDSC percentages 
were significantly increased at 7 days, 21days and 360 days. We 
obtained similar results when we calculated MDSC absolute numbers. 
In previous experiments we observed a dose-dependent reduction 
in HLA-DR expression levels in monocytes after dexamethasone 
exposition, then monocytes were phenotypically indistinguishable 
from Mo-MDSC. On concordance with these results, some studies 
previously published [33,37,56] point corticosteroids are modulating 
MDSC levels then we hypothesize that corticosteroids are increasing 
Mo-MDSC populations in peripheral blood immediately after 
transplantation. We observed (unpublished data) the suppressive 
capacity of MDSC from Tacrolimus treated LTR is increased compared 
to the suppressive results when CD14+CD11b+CD33+HLA-DR- cells 
were obtained from healthy donors. Heigl, et al. characterized MDSCs 
in lung transplant recipients to assess if MDSCs can serve as a potential 
new research target in the field [69]. They observed that G-MDSCs 
obtained from LTR were functionally suppressive and showed a modest 
correlation with increasing CNI trough levels, a previously reported 
phenomenon [70,71]. Previous studies demonstrated that expression 
of FK binding protein FKBP in Mo-MDSCs and PMN- MDSCs from 
tumor-bearing mice is increased and regulates their suppressive 
function [72]. Altogether these results indicate that MDSC activity and 
numbers are modulated by immunossupressive treatments, such as 
CNI. In contrast, MDSC percentages in our study were not related to 
immunosuppressant levels in peripheral blood. As our cohort of LTR 
was under the same immunosuppressive regimen, potential differences 
between treatments, with respect to their effect on MDSC frequency 
or function cannot be determined which still remains a limitation. In 
contrast with previous reports [23,24] we observed that 90 and 180 
days post-transplant Mo-MDSCs percentages were higher in patients 
who reject compared to those who do not reject.
Heart, Corneal, Pancreatic islets and Skin Transplantation
Ling Zhou, et al. found a cardioprotective role of MDSCs in 
heart failure [73] although the human MDSC response in heart 
transplantation remains unstudied. In murine models, several studies 
demonstrated MDSC were required for the induction of transplantation 
tolerance [47,74,75]. Some authors reported the development of MDSC 
and induction of tolerance after treating recipients with rapamycin and 
costimulatory blockade with anti-CD40L mAb [76,77] in contrast to 
mice treated with either rapamycin or anti-CD40L mAb alone [77]. 
Nakamura T, et al. further observed that rapamycin increased PD-L1 
expression on MDSC that accumulate in the cardiac allograft [78]. The 
effect of dexamethasone for the induction of MDSC was also reported 
[79] by Zhao, et al. In corneal allograft animal models it was observed 
an increase in allograft survival after MDSC infusion [80]. These data 
suggest that transplantation may lead to recipient derived MDSCs 
able to suppress anti-donor responses [81]. Further, it was observed 
an expansion of Mo-MDSC after dexamethasone administration [82] 
and rapamycin nano-micelle (RNM) ophthalmic solution treatment 
delayed rejection and expanded MDSC in allografts [83]. In pancreatic 
Islet transplantation MDSC infusion prolonged allograft survival and 
increased the number of Tregs within the graft [84,85]. MDSC generated 
by hepatic stellate cells (HCS) increased islets allograft survival [84]. 
As well as heart, corneal and pancreatic islet transplantation there is 
a lack of studies regarding skin human transplantation but several 
animal models pointed the ability of MDSC to increase skin graft 
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survival [86,87]. Yang, et al. described that TNFα induced MDSC 
in vitro and the expression of iNOS was necessary for suppression 
of T cell proliferation [88]. The role of iNOS in MDSC function was 
also described by Wu, et al. [89]. Liao, et al. reported induced iNOS 
expression and NO production in MDSC after dexamethasone 
treatment [90]. Rapamycin downregulates iNOS expression in MDSC, 
and the suppressive activity and MDSC numbers are significantly 
reduced after rapamycin treatment in an allogeneic skin transplant 
model [91]. The results confirm the administration of glucocorticoids 
as a therapeutic approach by increasing the development of MDSC and 
point mTOR as an intrinsic factor essential for the differentiation and 
immunosuppressive function of MDSCs.
Conclusions and future directions
MDSC are a group of immunoregulatory myeloid cells that are 
gaining attention throughout the years in the field of transplantation. 
Several animal models have point them as important regulators in 
transplantation but in human transplantation their role as a biomarkers 
and their potential use as immunotherapy to promote tolerance 
remains under investigation.
A major challenge in immune monitoring of transplant recipients 
is distinguishing between biomarkers changes as a consequence 
of underlying alloimmune responses from those related to 
immunosuppressive therapy. Conventional phenotyping of human 
Mo-MDSC subsets relies upon HLA-DR expression [17]. Although 
it may be possible MDSC increase naturally after transplantation [15] 
provided evidence supports that HLA-DR expression is influenced 
by standard immunosuppression, especially glucocorticoids 
[33,34,37,56] which supports the need for new and specific markers 
to identify human MDSC. Then one of the more important goals for 
future studies is to define specific cell-surface markers and gating 
strategies that uniquely identify MDSC subpopulations [24]. The lack 
of specific markers also obliges to perform functional assays to check 
human MDSC function. In addition functional assays are difficult 
to implement due to their technical complexity and high intra-assay 
variability. In this regard, both the definition of specific markers and 
identification of the transcriptomic profile of human MDSC may shed 
light on the field [92]. Even though there are some studies regarding 
the effect of immunsuppressive drugs on human MDSC function, the 
effect of the current main immunosuppressive regiments on MDSCs 
should be further studied.
MDSC represent a promising therapeutic approach in solid organ 
transplantation but additional investigations are needed to fully 
understand their role in tolerance and to achieve immunosuppression 
withdrawal or minimization.
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